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Over centuries, our society mostly relies on fossil fuels for majority of commodity 
materials, chemicals, plastics as well as energy sources derived from petroleum, coal and 
natural gas. The overutilization of fossil fuels to fulfill the inflation will cause the 
inevitable issues including dwindling of available resources and global environmental 
problems. With the awareness of the severe consequences of the society‘s over-
dependence on fossil fuels, identifying sustainable and renewable alternatives has 
attracted significant and increasing attentions. Lignocellulosic biomass is one of the most 
accessible renewable forms of carbon and has been regarded as one the most logical 
feedstock to replace traditional fossil resources.  
It is suggested recently that coupling of ―biomass-conversion technologies‖ with 
―land-use‖ could meet the nation‘s increasing need for fuel without affecting food, feed 
and fiber production. However, most of the current biorefinery products are from the 
first-generation cellulosic projects, where most lignin is burnt for heating directly similar 
as the traditional pulp and paper industrial. Consequently, the advent of biorefineries that 
convert cellulose into liquid fuels generate more lignin than necessary substantially, 
which is a major waste of natural resources. Therefore, lignin valorization into value-
added products is worthy to bio-refinery concept in particular and in general to the 
society. With this purpose, this dissertation is focused on modification and degradation of 




I. Lignin modification and the synthesis of lignin-based surfactant 
In the first part, the structure and chemistry of lignin was investigated through various 
advanced characterization approaches and the viability of lignin as a good candidate for 
surfactant and emulsifier after certain modifications was demonstrated.  
Typical lignin contains both hydrophilic phenolic/aliphatic hydroxyl groups and 
lipophilic carbon backbone, suggesting a special affinity to polar and nonpolar phases. 
However, the challenge is the solubility difficulty in both water and most organic phases. 
The challenge was overcome by modification of lignin with different chemicals. The 
resultant lignin showed great potential as surfactant which decreased the interfacial 
tension between styrene and water dramatically. Besides, this lignin-based surfactant was 
further demonstrated to be effective to prepared water-in-oil emulsions, which could be 
kept stable for over 30 days. The excellent interfacial activity of lignin is resulted from 
both its unique amphiphilicity and its disordered macromolecular structure. 
II. Preparation of sustainable composites with lignin as the substitution of 
traditional polymer 
Here, an effective route to prepare lignin/polystyrene composites foam via high internal 
phase emulsion (HIPE) polymerization was disclosed and their major properties were 
evaluated.  
 The incorporation of renewable materials as fillers and substitutions has attracted 
strong interest to promote sustainability for the existing plastic industry and to save the 
limited reserves of fossil fuel resources. However, the challenge is the poor compatibility 
between traditional polymer and natural materials, which can also be overcome by lignin 
xxv 
 
modification. We modified the lignin and the corresponding solubility in different media 
was exemplified by using theoretical model (Hassan solubility parameter model). 
Furthermore, the modified lignin was demonstrated to be good fillers and substitution of 
polystyrene through the investigation of its effects on the mechanical, thermal, and 
dimensional stability properties of the composites.  
III. Catalytic degradation of lignin into aromatic chemicals by redox ion pairs 
In this project, a new catalytic system which could degrade lignin into aromatic 
compounds under very mild conditions was designed.  
 Lignin is the only natural aromatic macromolecular feedstock of large production 
and therefore, is supposed to be good sources of sustainable aromatic chemicals. Till now 
no commercially available processes have been developed in our knowledge due to its 
unknown complicated structural pattern and its changes during the depolymerization 
process. Some oxidative chemicals were used in the literature to degrade lignin. However, 
most of the degradation processes suffer from low reactions kinetics and harsh conditions. 
Through research, we offered a low temperature oxidative degradation of lignin to form 
vanillic compounds by using FeCl3/NaNO3/O2 as catalyst under mild conditions. The 
addition of NaNO3 serves as a bridge between oxygen (gaseous phase) and iron salts 
(liquid phase) to improve the re-oxidation rate of Fe
2+
 and thus promote the overall 
degradation rate. 
IV. Wood chips pretreatment by redox ion pairs under mild conditions 
In this project, the new catalyst system was further used in biomass pretreatment, where 
wood chips were pretreated directly without grinding.  
xxvi 
 
 Based on the results of lignin degradation, we found this catalyst system was also 
effective in the biomass pretreatment. In biorefinery, pretreatment is an important step 
towards the accessibility of hydrolytic enzymes to cellulose for glucose conversion. 
However, in all the pretreatment process, biomass is grinded into powders first, which 
consumes energy and increase the cost. Using the novel catalyst system described here, 
the process where wood chips could be pretreated directly without grinding under mild 
conditions with a glucose yield of 70 % was first discovered. 
 
 In summary, this dissertation focuses on the valorization of lignin through 
modification and degradation approaches. It contributes on the colloid and interfacial 
science by preparation of lignin-based surfactant and studying on its interface 
phenomenon. Also, in this dissertation, the miscibility between lignin and polymer are 
investigated and the corresponding properties of the as-prepared composites are discussed. 
Besides, a new catalyst system to degrade lignin and pretreat wood chips is proposed and 
demonstrated to be effective, which contributes on the study of bonding cleavage in 











Over centuries, our society mostly relies on fossil fuels for majority of commodity 
materials, chemicals, plastics as well as energy sources derived from petroleum, coal and 
natural gas. The overutilization of fossil fuels to fulfill the inflation will cause the 
inevitable issues including dwindling of available resources and global environmental 
problems. With the awareness of the severe consequences of the society‘s over-
dependence on fossil fuels, identifying sustainable and renewable alternatives has 
attracted significant and increasing attentions.  
 Lignocellulosic biomass is one of the most accessible renewable forms of carbon 
and has been regarded as one the most logical feedstock to replace traditional fossil 
resources. The annually production of biomass from both forestry and agricultural was 
reported to be over 1.3 billion tons, which suggests that biomass might be the most 
abundant source of carbohydrate.  Previously, biomass is mainly used in the traditional 
agricultural field and pulp and paper manufacture. However, it has been demonstrated 
that the biomass resource is much more than what needed in these two industrials. It is 
suggested recently that coupling of ―biomass-conversion technologies‖ with ―land-use‖ 
could meet the nation‘s increasing need for fuel without affecting food, feed and fiber 
production. The biomass conversion into biofuels has been developed for over decades 
and several plants have been built to realize its commercialization.  
 However, most of the current biorefinery products are from the first-generation 
cellulosic projects, where most lignin is burnt for heating directly. Consequently, the 
2 
 
advent of biorefineries that convert cellulose into liquid fuels generates more lignin than 
necessary substantially. Besides, in the traditional pulp and paper industrial, lignin is 
generally regarded as a waste-product left in the black liquor with a production of 50 
million tons annually. Similar as the biorefinery industrial, over 90 % of lignin is used as 
fuel directly. Indeed, lignin is an energy-rich compound and is supposed to have potential 
in various areas. Burning directly without further utilization suggests a major waste of 
natural resources. Therefore, lignin valorization into value-added products is worthy to 
bio-refinery concept in particular and in general to the society. With this purpose, this 
work is focused on modification and degradation of lignin for advanced chemicals and 
composites. 
 Lignin is a polymeric component in biomass, serving as a linker between 
cellulose bundles and functioning to give strength and rigidity to the cell walls, conduct 
water in plant stems and resist microorganisms attack. The structure of lignin is 
amorphous and highly branched by carbon-carbon bonds and ether bonds forming with 
three phenylpropanolic monomers (monolignols): p-Counmaryl alcohol, Coniferyl 
alcohol and Sinapyl alcohol. Based on the structure of lignin and the corresponding 
properties, study on value-added application of lignin has drawn great scientific attention 
and some progress has been achieved to convert lignin into value-added products, 
including liquid fuels, carbon fiber and chemicals. However, most of the technologies are 
far from commercial practice and much more efforts are needed in this area. 
 Chapter II of this dissertation is a brief review of some basic concepts and a state-
of-the-art of the lignin modification by chemicals as well as its applications. This chapter 
aims to introduce the fundamental knowledge and current technologies on this topic, 
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which is the basis of the following researches. The Chapter III is ―Problem Analysis and 
Objectives‖, where the challenges of this research are listed and the corresponding 
solutions are proposed. Besides, detailed objectives are also described in this chapter. In 
Chapter IV, a study on synthesis of lignin-based surfactant via chemical modification is 
explored. The modified lignin shows great potential as a surfactant which decreases the 
interfacial tension between styrene and water dramatically. Besides, this lignin-based 
surfactant is further demonstrated to be effective to prepared stable water-in-oil 
emulsions. In Chapter V, an effective route to prepare lignin/polystyrene composites 
foam through high internal phase emulsion (HIPE) polymerization is disclosed. Lignin is 
demonstrated to be good fillers and substitution of traditional polymer through the 
investigation of its effects on the properties of the composites. Chapter VI describes a 
new catalytic system which can degrade lignin into aromatic compounds under very mild 
conditions. Furthermore, in Chapter VII, this catalyst system was used in biomass 
pretreatment, where wood chips were pretreated directly without grinding. It is 
demonstrated that the addition of NaNO3 into FeCl3 and O2 serves as a bridge between 
oxygen (gaseous phase) and iron salts (liquid phase) to improve the re-oxidation rate of 
Fe
2+
 and thus promote the overall degradation rate. The finally Chapter VIII will 
summarize the overall conclusion of this research and provide the potential directions of 








2.1 Problem Statement 
Until 2011, over 80% of the total energy consumption in U.S., which has increased by 28% 
in the last 37 years
1
, was generated from the three major fossil fuels. Along with the 
increasing in human demand, the overutilization of fossil fuels will cause two inevitable 
issues: dwindling of available resources and global environmental problems.
2-5
 With the 
awareness of the severe consequences of the society‘s over-dependency on fossil fuels, 
finding sustainable and renewable alternatives has attracted significant attentions. 
Lignocellulosic biomass is the most accessible renewable form of carbon
6
 and has been 
regarded as one the most logical feedstock to replace traditional fossil resources.
7
 
 A recent national report pointed the U.S. domestic production of biomass from 
forestry and agricultural industrials is over 1.3 billion tons annually.
8
 The currently used 
and potential biomass (at $60 per dry ton or less) under baseline assumption is 
summarized in Table 2.1 and it is noticed that the annually biomass potential increases 
sharply. This suggests that, potentially, there is enough biomass to be utilized to replace 
fossil fuels. Furthermore, it is claimed that the coupling of ―advanced biomass-
conversion technologies‖ with ―land-use changes‖ will not affect the production of food 






Table 2.1 Summary of Currently Used and Potential Forest and Agriculture Biomass at 
$60 per Dry Ton or Less, under Baseline Assumptions
8
 
Feedstock (million dry tons) 2012 2017 2022 2030 
Forest resources currently used 129 182 210 226 
Forest biomass & waste resource 
potential 
97 98 100 102 
Agricultural resources currently used 85 103 103 103 
Agricultural biomass & waste resource 
potential 
162 192 221 265 
Energy crops 0 101 282 400 
Total currently used 214 284 312 328 
Total potential resources 258 392 602 767 
Total – baseline 473 676 914 1094 
 
 Recent researches focus on the biomass conversion into biofuels or bioethanol, 
which can contribute to the area of liquid transportation fuels.
2, 10, 11
 Indeed, the cellulose-
based bioethanol technology has been commercialized and the bioethanol production of 
the first commercialized plant is located in Italy having 75 million liters per year 
capacity.
12
 In the United States, the Department of Energy set a target that bio-based fuels 





 Beside of biofuels, bio-based chemicals and materials can also be produced 
from biomass, such as plastics, solvent and lubricants.
2
 For example, polylactic acid has 
been manufactured in a U.S. company on the scale of million-kilogram.
14
 Another goal 
set by the U.S. Department of Energy and Department of Agriculture is to increase the 
percentage of bio-based chemicals and materials to 25% in 2030 from 5% in 2005.
15
 
 However, most of the current biorefinery products are from the first-generation 
cellulosic projects, where most lignin is burnt for heating directly similar to the 
traditional pulp and paper industry. Actually, the generation of lignin is about 1.6 times 
of the amount needed for the internal energy use of these biorefinery projects
16
, 
suggesting a highly underutilization of lignin resources. In 2010, the production of lignin 
from pulping process was 50 million tons, among which only around 2% was developed 
into specialty products.
17
 The U.S. Energy Security and Independence Act of 2007 
mandate the production of 79 billion of biofuels, which suggests an expected utilization 
of around 223 million tons of biomass and a lignin production of 62 million tons of 
lignin.
10, 18
 In order to avoid the waste of natural resources, more attentions should be 
given on engineering lignin-based value-added products. 
 Actually, study on value-added application of lignin has drawn great scientific 
attention and some progress has been achieved to convert lignin into value-added 











 and etc. More specifically, lignin molecules have both hydrophilic 
functional groups and lipophilic carbon backbone, suggesting an amphipathic property to 
polar and nonpolar phases and great potential as a surfactant.
24, 25
 Furthermore, as a 
natural polymeric material providing mechanical supports in wood, lignin can be used as 
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fillers or substitution in the polymer composites in order to make the composites more 
sustainable with certain desired properties.
10, 26
 Additionally, lignin is the only scalable 
natural feedstock composed with aromatic units
22
 and it is highly expected to obtain 
valuable aromatic components from lignin through some thermal, chemical or catalytic 
approaches. Figure 2.1 summarized some pathways of converting biomass into value-
added products.
10
 Although some progress of lignin upgrading has been achieved, most 








2.2 Lignocellulosic Biomass 
Lignocellulosic biomass captures and stores the solar energy directly, which is one of the 
most abundant and sustainable resources on the earth. The major components of 
lignocellulosic biomass are cellulose, hemicellulose and lignin (shown in Figure 2.2
27
) 
with minor quantity of some other compositions, such as pigment, resin, tannin, etc. 
Among all the components, cellulose, composed with linked glucose units, comprises 30-
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50 wt % of the dry biomass. Hemicellulose is another macromolecular polysaccharide, 
which constitutes 20-35 wt % of biomass. The remaining 15-30 wt % of biomass is lignin, 









Cellulose is the main structural component in the biomass cell walls and is the most 
abundant natural polymeric material distributed in plants, algae, fungi, bacteria and etc.
30
, 











 In 1938, cellulose was first discovered and isolated by AnselmePayen
34
 and the 
researches on its physical and chemical properties were made constantly since then. 
Technically, cellulose is a well-defined polymer linked by β-1-4 bonds of thousands of 
anhydro-Ɗ-glucose unites, as shown in figure 2.3.
30, 35
 The polymerization degree of 
wood cellulose reaches up to 20 000.
28
 In cellulose, the hydrogen atoms are positioned in 
the vertical plane and the hydroxyl groups are in the ring plane, which can form strong 
hydrogen bonds resulting in a stable structure. Besides, due to the high molecular 
homogeneity, the crystallization degree of cellulose can reach up 70%.
36
 Cellulose was 
mainly used in the traditional pulp and paper industrial for centuries, but, during the 
recent decades, more and more cellulose stocks are converted into value-added products 
in the areas of chemicals, plastics and fuels through chemical, thermal or bio-
treatments.
10
 Until now, several cellulosic ethanol plants have been commercialized. 
 
2.2.2 Hemicellulose 
Another polysaccharide macromolecular component in biomass is hemicellulose, which 
is composed of different unites, including xylans, arabinans, mannans, galactans and 
etc.
37
 The composition of hemicellulose varies significantly depending on the species or 
types of plants. In hardwood, the dominant hemicellulose structure is xylan (shown in 
10 
 
Figure 2.4 (a)), which may amount to 80-90% of hardwood hemicellulose
38
, while 
glucomannan (shown in Figure 2.4 (b)) domains in softwood.
39, 40
 Compared with 
cellulose, the polymerization degree of hemicellulose is relatively lower (~200) and the 
hydrogen bonds are much weaker.  
 
 





 In plant cell walls, hemicellulose promotes to connect cellulose fibrils together 
and contributes flexibility to the overall composites materials. In the traditional pulp and 







Lignin is another major polymeric component in biomass, which acts as a linker between 
cellulose bundles and is usually bonded to hemicellulose. In wood, lignin functions to 
give strength and rigidity to the cell walls, conduct water in plant stems and resist 
microorganisms attack.
42
 The structure of lignin is amorphous and highly branched by 
carbon-carbon bonds and ether bonds and formed through an oxidative radical 
polymerization
43
 with three phenylpropanolic monomers (monolignols): p-Counmaryl 
alcohol, Coniferyl alcohol and Sinapyl alcohol
44
, as shown in Figure 2.5. Typically, 
lignin in grasses contains all three monomers, lignin from hardwood contains both 
Coniferyl and Sinapyl alcohol and softwood lignin mainly contains Coniferyl alcohol.
45
 
Different covalent bonds link between each monolignol
46
, including β-O-4 , 5-5 , β-5 , 
4-O-5, β-1, β-β and dibenzodioxocin
47
, leading to the complex lignin structure. 
 
 
Figure 2.5 Three primary monolignols: p-Counmaryl alcohol, Coniferyl alcohol and 
Sinapyl alcohol 
 
 Until now, there is no certain conclusion to its original structure because the 
chemical composition of lignin changes according to the resources and isolation method 
employed.
48
 Lignin can be classified into different types accordingly, such as enzymatic 
12 
 
lignin, kraft lignin, pyrolysis lignin, lignosulphonate, organosolv lignin and etc.
49
 
Therefore, the molecular weight (MW) of natural lignin is still a matter of debate and the 
MWs of lignin products vary highly dependent on the separation process. Table 2.2 
shows the monomer molecular weights, molecular weights and polydispersities of 
different types of lignin. Kraft lignin, a primary byproduct extracted from black liquor 
during kraft pulping process through precipitation by controlling the pH value of the 
liquor, is the lignin mostly used in this research and the proposed structure of kraft lignin 
is shown in Figure 2.6. Compared with other types of lignin, the degradation by NaOH 
and Na2S during the kraft pulping process leads to a relatively low molecular weight of 




Table 2.2 Molecular weight and polydispersity of different lignins
49
 
Lignin type Monomer MW/[Da] MW/[Da]
*
 Polydispersity 
Milled wood lignin 198 2800–14200 3.7–12.9 
Cellulolytic enzyme lignin 187 ∼1900 5.7–6.7 
Enzymatic mild acidolysis lignin 187 ∼2000 ∼3 
Kraft lignin 180 1000–3000 2–4 
Lignosulfonate (softwood) 215–254 36000–61000 4–9 
Lignosulfonate (hardwood) 188 5700–12000 4–9 
Organosolv lignin 188 >1000 2.4–6.4 
Pyrolysis lignin n.d. 300–600 2.0–2.2 
Steam explosion lignin 188 1100–2300 1.5–2.8 
* Number-average molecular weight 
13 
 
 The original lignin in natural biomass may be soluble in some certain mixtures of 
water and organic solvents. However, lignin products, especially kraft lignin, which are 
chemically modified and fragmented during the isolation process, can only dissolve in 
alkali aqueous solution and very limited organic solvents, such as dimethylformamide, 









 During the recent decades, study on value-added application of lignin has drawn 
great scientific attention and some progress has been achieved to convert lignin into 











. However, much more efforts need to be done before 




2.3 Characterization of lignin 
As described in Section 2.2.3, the structures of lignin products will vary depending on the 
plant species and isolation process, yielding diversity and uncertainty of chemical 
compositions and physical properties. In order to be optimally applied in the following 
modification or degradation processes, it is crucial to identify the details of lignin 
structure both qualitatively and quantitatively through advanced characterization 
approaches. 
 Fourier transform infrared spectroscopy (FTIR) is widely used to study the 
chemical bonds in lignin by obtaining its infrared spectrum of absorption or emission. A 
wide band at 3450 cm
-1
 for O-H and a peak at 2935 cm
-1
 for the vibration of methoxyl 
groups
50
 are the characterized peaks of raw kraft lignin. Besides, peaks at 1615 and 1514 
cm
-1 
were assigned to the C-C stretching of aromatic rings in lignin
51
.  
 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) can 
be applied to study the thermal properties of lignin. Raw kraft lignin shows a typical 
decomposition region of 300-450 
o
C with a solid residue of 30-40% at 900 
o




 Gel permeation chromatography (GPC), one type of size exclusion 
chromatography (SEC), is generally used to determine the lignin molecular weight 
depending on the basis of size.
53, 54
 The mobile phase used in GPC can be deionized 
water (DI water), tetrahydrofuran (THF) or dimethylformamide (DMF), which is decided 
by the solubility of as-tested lignin. 
 As an amorphous polymeric material, lignin is supposed to have the glass 
transition temperature (Tg) which can be determined by differential scanning calorimeter 
15 
 
(DSC). Nevertheless, Tgs of lignin may vary drastically caused by the difference on 
lignin types, cross-linking degree and molecular weight.
55
 A generally accepted range of 




, which seems very wide and difficult to use. 
 UV-Vis spectrophotometric analysis is exploited to measure the solubility of 
lignin in water. A calibration curve of standard lignin with different concentrations 
corresponding solution is needed at UV adsorption of 280 nm, which is considered as 
primary wavelength for quantification of lignin. 
25, 57
 
 Recently, tremendous researches interests are focused on the lignin 
depolymerization into small chemicals.
58-61
 To investigate the degraded chemicals in the 
solution, some chromatography methods are very helpful, including gas chromatography 
(GC), High-performance liquid chromatography (HPLC) coupled with mass spectrometry 








Figure 2.7 Investigation of small molecules produced by lignin degradation though GC-
MS (a)
62




 Among all the characterization approaches, nuclear magnetic resonance 
spectroscopy (NMR) is probably the most important and powerful technique to conduct 
the lignin structure analysis. NMR measurements of lignin can be classified on the basis 






P NMR), nuclear dimensional resonance (1D 






P NMR and hetero-nuclear single quantum coherence (HSQC) are 





H NMR and 
13
C NMR are obtained with the respects to hydrogen-1 nuclei and 
carbon-13 nuclei, respectively, in the lignin molecules.
 1
H NMR shows the difference 
between hydroxyl, carbonyl, carboxylic acid, methoxyl, aromatic and aliphatic groups by 
the difference of proton chemical shifts.
66-68




C NMR has a 
better resolution and is always used a quantification tool to determine the amount of 







P NMR is a general approach to quantitatively determine the content of 
hydroxyl groups in the lignin by forming derivatives with phosphitylation agent, 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP).
70-73
 The reactions of TMDP 
and hydroxyl groups are summarized in Figure 2.8.
74
 The contents of the hydroxyl groups 
in different chemical environments were determined by comparing relative areas with 
authentic internal standard. 
 
 
Figure 2.8 Reactions of TMDP with hydroxyl functional groups and the 
31
P NMR 




 HSQC NMR suggests its unique advantage by show the separation of heavily 
overlapped peaks in 1D NMR spectra caused by the complex of lignin structure.
75, 76
 In 
the HSQC technology, the magnetization between H-1 and C-13 nuclei is transferred by 
two polarization transfer delay periods and the obtained spectra provide the information 
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of directly bonded protons and carbon atoms.
77
 Therefore, the information of different 










2.4 Lignin modification and lignin-based surfactant 
Lignin contains both hydrophilic functional groups as well as lipophilic carbon backbone, 
suggesting a special affinity to aqueous and organic phases. Therefore, lignin is expected 
to be a good candidate of surfactant. However, the challenge is the limited lignin 
solubility difficulty in both aqueous phase of neutral or low pH value and most organic 
solvents and monomers, which hinders its practical application. Recently, many scientific 
investigations have been conducted on lignin to control its amphiphile by modification 
19 
 
and the resultant modified lignins show good potential in the field of dispersion and 




2.4.1 Lignin modification by chemicals 
Although the detailed structural pattern for different types of lignins are not similar, most 
lignins contain some common functional groups, including of hydroxyl, methoxyl, 
carbonyl, ether and carboxylic acid groups. The diversity of functional groups combined 
with its carbon backbone may cause the difficulty in solubility, however it also provides 
the possibility of various kinds of modification approaches, such as esterification, 
acylation, halogenation and sulfonation.
78
 In order to tune the chemical and physical 
properties, different modification approaches have been carried out to introduce 











 The hydroxyl groups in kraft lignin are generated by the fragmentation of lignin 
macromolecules through the bonding cleavage of the phenylpropane units in kraft 
cooking digester by NaOH and Na2S.
80, 81
 There are both aliphatic and phenolic hydroxyl 
groups in lignin, which can be functionalized by reactions with different chemicals, as 
shown in Figure 2.11. Alkylation and alkoxylation modifications are proposed to occur 
easily on these hydroxyl sites through nucleophilic aromatic substitution reactions.
82
 The 
resultant lignin derivatives can be used as pre-polymers in the co-polymer preparation.
83, 
84
 Nitration of lignin can be achieved by reacting with nitric acid and the as-obtained 
lignin is proposed to be used as the fillers of polyurethane matrix.
85, 86
 With amine and 
formaldehyde, lignin amination can be carried out through the Mannich reaction and the 
modified lignin shows great potential as a cationic surfactant as well as a reinforcement 











  Another important and effective modification approach is esterification, which 
can convert the hydroxyl groups into esters.
90
 Acids, acid anhydrides and acidic 
compounds have been demonstrated to be good esterifying agents.
52, 91-93
 In purpose of 
preparing novel macropolyols, propylene oxide is used to esterify lignin with alkaline 
catalysts.
94, 95
 In the area of lignin-based resins, lignin phenolationis carried out to 
enhance its chemical reactivity by introducing more –OH groups onto lignin structure.
96
 
Typically, the corresponding properties of the modified lignin can be tuned by adjusting 
grafting chemical, reaction conditions and esterification extent.
79
 For example, a fully 
esterification of hydroxyl groups in kraft lignin by butyric anhydride makes lignin 
completely soluble in styrene while raw kraft lignin is not soluble.
90
 Modification by 
22 
 
esterification has been demonstrated to be a good strategy to functionalize lignin, 
however, it is noticeable that the properties of resultant lignin derivatives are highly 
dependent on the amount of hydroxyl groups as well as other types of functional groups 
in lignin. 
 
2.4.2 Lignin-based surfactant 
In the typical lignin molecules, there are both hydrophilic phenolic/aliphatic hydroxyl 
groups and lipophilic carbon backbone, proposing a special affinity to polar and nonpolar 
phases as a surfactant. However, a certain modification step is often necessary to further 
control its amphiphilicity and solubility. Recently, many researches have been conducted 
to control the amphiphilicity of lignin so that the resultant derivatives can be applied in 
the field of dispersion and emulsification as bio-based surfactants.
24
 These obtained 
sustainable surfactants would not only extend the application of lignin, but they also 
show better environmental compatibility compared with traditional chemical surfactants. 
 
 
Figure 2.12 Schematic representations of polymer-grafted lignin at an air−water interface 






 Homma et al. used poly(ethylene glycol) to functionalize kraft lignin.
97
 The 
resultant lignin derivative successfully lowered the critical aggregation concentration in 
gypsum by 2~4 orders of magnitude. Zhou et al. prepared a water-soluble lignin-based 
surfactant through the alkylation with 1-bromododecane in alkali 
pyridine/isopropanol/water system.
98
 They found that the water/air surface tension was 
reduced from 72.8 to 28.2 mN·m
-1
 when the resultant lignin derivative was applied. 
Besides, Gupta et al. grafted polyacrylamide and poly(acrylic acid) onto kraft lignin 
through reversible addition-fragmentation chain-transfer (RAFT) polymerization.
24
 The 
grafted lignin was used to prepare emulsions of water and hexane where the low grafting 
density in the modified lignin was hypothesized to favor partitioning into hexane side of 
the oil-water interface, as shown in Figure 2.12. In another study, copolymerization 
between kraft lignin and acrylic acid was conducted by Kong et al.
99
 The lignin 
copolymer product is water-soluble under acidic condition (pH=4).  
 Another strategy of enhancing its surface activity performance is to introduce 
highly hydrophobic groups onto lignin molecules. Lignin-based anionic/cationic 
surfactant was synthesized by Zhou et al., 
100
 where a hydrophobic polyethylene glycol 
chain was introduced to sodium lignosulphonate (CA-PEGs). The surface tension in 
water/air interface decreased to 39 mN·m
-1
 when SL-PEG was used with CTAB. Surface-
active organosiloxanolates were chosen as modifiers to improve the hydrophobicity of 
lignin by Telysheva et al.
101
 These studies demonstrated that the interfacial activities of 
lignin could be improved by effective chemical modification.  
 Additionally, the lignin-based cement dispersant was successfully synthesized 
through calcium lignosulfonate oxidization by hydrogen peroxide and the corresponding 
24 
 
dispersibility was improved by 34 %.
102
 Besides, more cement dispersants were prepared 
from lignin by grafting with ethoxy (2-hydroxy) propoxy polyethylene glycol 
glycidylether, polyethylene glycol diglycidylether and dodecyloxy-polyethylene glycol 
glycidyl ether and reported by Aso et al.
103-105
 Furthermore, Ouyang and Fatechi 
modified kraft lignin by sulfomethylation and the resultant product also showed great 
potential as cement dispersant.
106
 
 However, to the best of our knowledge, only few publications related to oil-
soluble lignin with good surface activity and stable W/O emulsion are reported in the 
literature. In Chapter IV, we tried to improve the compatibility of lignin and organic 
monomers by chemical modifications and synthesize bio-based surfactant which can be 
used as an emulsifier to prepare W/O emulsion. 
 
2.5 Lignin-polymer composites 
2.5.1 Polymer blending 
Blending is one of the most commonly applied approaches to prepare polymer 
composites with desired properties. With its rigid structure and high polarity, lignin has 
been demonstrated to show great potential as an organic component in the area of 
polymer blends.
107
 The blends of lignin and polystyrene (PS) were simply prepared by 
melting mixing in an internal batch mixer by Mohamad et al.
108
 and they investigated the 
chemical and physical properties of the as-obtained blends with different lignin content. 
Maurizio et al.
109
 blended lignin with poly(ethylene terephthalate) (PET) through a 
single-screw extruder. The influence of lignin on the crystallization of PET and thermal 
properties of the lignin/PET composites were studied. Another example is the blend of 
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lignin and poly(ethylene oxide) (PEO) synthesized by John et al.
110
 where lignin and 
PEO were miscible due to the hydrogen bonds between these components. Actually, the 
miscibility of lignin with many other polymers is poor, which seems to be a big challenge 
hindering the further development of lignin/polymer blends. Charlyse et al.
111
 studied the 
compatibility of lignin with different polymers and concluded that in order to obtain the 
expected blends, researchers needed to make careful choices on both technical lignin type 
and polymer structure. 
 The bad miscibility of lignin and polymer in the blends is resulted from the poor 
interfacial binding between these two components.
79
 To overcome this challenge, 
chemical modifications are carried out to tune the structural affinity of lignin, which is 
further employed in the thermoplastic composites. Atul et al.
112
 modified lignin with 
maleic anhydride first and prepared the blends of commercial polypropylene (PP) with 
the resultant lignin and found that its mechanical properties had less deterioration 
compared with the blends of PP and raw lignin. Furthermore, poly(methyl methacrylate) 
grafted lignin was blended with polyethylene (LDPE) by RRN Sailaja
113
 and the as-
obtained composites showed improved mechanical and thermal properties. Yang et al.
114
 
reported that films of nanocomposites blended by poly(lactide) (PLA) and modified 
lignin could be obtained through casting in chloroform. The addition of lignin was found 
to increase the elongation at break and toughness. 
 Beside of the thermoplastic materials, lignin is also demonstrated to show 
potential as reinforcement agent in the rubbery polymers. Alkyl esters were used to 
modify lignin in the work of Teramoto et al.
115
 and the resultant lignin was blended with 
poly(ε-caprolactone) (PCL). They found that when the ratio of lignin and PCL was 1:1, 
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the mechanical properties of the composites, including strength and elongation at break, 
were improved significantly. Suo et al.
116
 prepared the lignin-reinforced styrene-
butadiene rubber (SBR) where lignin was first modified into lignin-layered double 
hydroxide composites by in situ method. In this research, lignin was demonstrated to be 
well dispersed in the composites by different characterization approaches. And most of 
the major mechanical properties of the composites were improved. 
 Lignin/polymer blends can also be applied in other functional areas, including UV 
protection, antioxidant as well as carbon precursors. Pouteau et al.
117
 reported that the 
antioxidant activity of lignin/PP blends would decrease first and then increase with the 
increasing of lignin content. Furthermore, in the case of lignin/PLA blends
118
, the 
addition of lignin into PLA would create the antioxidant capability while the pure PLA 
showed no this kind of property. The phenol groups in lignin can serve as the radical 
scavengers and therefore, lignin owns the potential as the agent for UV protection, which 
has been demonstrated by blending with PCL through high-energy ball milling conducted 
by Rachele et al.
119
 Besides, the blend of PCL and lignin (PMMA grafted lignin) was 
found to be biocompatible, which could be applied as one biomedical material.
120
 Lignin 
is also a good precursor of activated carbon in the energy storage area. Su-Xi et al.
121
 
prepared the lithium ion battery electrodes through the carbonization of lignin/PEO blend, 
which showed good conductivity and electrical properties. 
 
2.5.2 Chemical grafting 
Using lignin molecules as monomers by grafting polymerization on lignin is another 
strategy to synthesize lignin-polymer composites. Since lignin has a relatively high Tg 
due to the rigid aromatic structure, the copolymers of lignin with some soft elastomeric 
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polymers may result in thermoplastic properties of which the mechanical strength is 
provided by lignin and the rubbery characteristics are from the soft synthetic polymer.
82
 
The lignin-based polyurethane is one of the most important examples. The synthesis of 
lignin-based polyurethane can be realized through the grafting of isocyanate groups onto 
hydroxyls group sites of lignin and forming the urethane bonds via mixing lignin, 
diisocyanate and another diol monomer
122
 or polymerizing lignin with isocyanate-based 
prepolymers
123
. Nakamura et al. studied the thermal properties of lignin-PEG-based 





 discovered that the tensile strength of the as-prepared polyurethane would 
improve as they increased the lignin content up to 75%. 
 
 




 In the atom transfer radical polymerization (ATRP) and ring opening 
polymerization processes, lignin molecules are used as both one copolymer component as 
well as macro-initiators. The copolymer of kraft lignin and N-isopropylacrylamide was 
synthesized through a two-step process, as shown in Figure 2.13
126
, where lignin was first 
modified with 2-bromoisobutyryl bromide and then the ATRP was carried out with the 
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as-modified lignin as initiator. The solubility of the obtained copolymer material could be 
controlled by the ratio of lignin and N-isopropylacrylamide. Besides, Shayna et al.
127
 
demonstrated that ATRP could be applied to prepare nano-particles of lignin-polymer 
composites with an average diameter of 5 nm, which also showed improved mechanical 
properties, including Tg and modulus. Lignin-poly(lactide) (PLA) composites can be 
prepared through ring opening polymerization, which was reported by Yi-Lin et al.
128
 on 
the initial purpose of increasing the compatibility of lignin and other polymer. The 
toughening mechanism and mechanical improvement of the lignin-PLA composites were 
further studied by Yang et al.
114
 and they reported that the crazing, the stereocomplex and 
the rubber phase were the major factors which resulted in the enhancement. 
 Additionally, as describe in Section, reversible addition-fragmentation chain-
transfer (RAFT) polymerization was also employed to graft polyacrylamide and 
poly(acrylic acid) onto kraft lignin, which was carried by Gupta et al.
24
 The obtained 
lignin was used to prepare emulsions of water and hexane as surfactant. Satvinder et al.
129
 
reported the copolymerization of lignin and vinyl acetate with (NH4)2Fe(SO4)2·6H2O as 
catalyst in the aqueous phase. They investigated the effects of reaction parameters on 
grafting extent in detail. 
 
2.6 Biomass pretreatment 
The diminution of fossil fuels has attracted the use of plant biomass as an alternative 
sustainable source of building blocks for chemicals, materials and biofuels. 
Lignocellulosic biomass which is readily available in large amounts represents a 
potentially sustainable source of liquid fuels could satisfy the energy needs for 
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transportation and electricity generation with green chemistry perspectives. Potentially 
cellulose and hemicellulose in abundant feedstock include crops (corn, sugar cane), 
agricultural wastes, forest products, grasses, and algae etc
38, 130
, can be converted to 
ethanol, 5-hydroxymethylfurfural (HMF), 2,5-dimethylfuran (DMF), levulinic acid and 
methyl furan, along with other energy platform molecules. The conversion process of 
lignocellulosic biomass to fuel typically consists of three steps: (1) pretreatment; (2) 
hydrolysis of cellulose and hemicellulose into fermentable sugars; and (3) fermentation 
of the sugars into liquid fuels (ethanol) and other commodity chemicals. Efficient 
conversion of lignocellulosic biomass to fermentable sugar depends largely upon the 
physical and chemical properties of biomass, pretreatment methods, effective 
microorganisms, and optimization of processing conditions.
131
 The ideal pretreatment 
should break the lignocellulosic complex, increase the active surface area and decrease 
the cellulose crystallinity, while limiting the generation of inhibitory byproducts and 
minimizing hazardous wastes and wastewater.
132-134 
 The largest technical hurdle for the efficient utilization of lignocellulosic biomass 
is the recalcitrance of lignocellulose to enzymatic degradation. Nowadays, one of the 
most critical needs for the commercialization of lignocellulosic biofuels is an efficient 
biomass pretreatment technology. In general, pretreatment can account for up to 40% of 
the total processing costs in the bioconversion of lignocellulosic biomass.
135
 The 
traditional pretreatment methods of lignocelluloses mainly include steam explosion, 
dilute acid, ammonia fiber expansion, hot water, lime and organic solvent pretreatment 
technologies.
136
 However, most of these processes require high temperatures or harsh 
chemical environments, leading to the formation of side products and being remarkably 
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energy intensive. Recently, cellulose solvents have attracted more and more attention, 
because they can break the recalcitrant structures of biomass effectively under relatively 
gentle conditions.
137
 They can break the linkages among cellulose, hemicellulose and 
lignin, and also dissolve highly-ordered hydrogen bonds in cellulose fibers, thus leading 
to the great increases in enzyme accessibility.
138
 
 To the best of our knowledge, in most of the current pretreatment processes, wood 
chips are first grinded into powers before the chemical/thermal treatment, which is highly 
energy-consuming. Therefore, finding an effective pretreatment method where wood 
chips can be used directly will save a large amount of energy and cost and be a promising 
direction. 
  
2.7 Thermochemical conversion of lignin into aromatic components 
Lignin is the only large-volume natural feedstock composed with aromatic units,
22
 which 
are cross-linked through the enzymatic mediated dehydrogenation polymerization.
139
 The 
high aromatic nature makes lignin as one of the few natural large-scale sources for 
production of aromatic compounds and its extraction from lignin is recognized as crucial 
aspect to the economic sustainability of integrated biorefineries. Generally, the 
amorphous structure of lignin is formed by the couplings reactions of oligomer-oligomer, 
oligomer-monomer as well as monomer-monomer.
140
 The major linkages in lignin 
include β-O-4, β-5, β-1, β-β, 5-5, and 4-O-5 (as shown in Figure 2.15
26, 47, 48
), among 
which β-O-4 is regarded as the most important target during the degradation process 
since it may account up to 50 % of the total linkages of lignin.
141
 Besides, the diversity of 
the linkages types makes it more difficult and complicated to degrade lignin effectively 
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and selectively. Recently, the research interest on lignin upgrading to yield aromatic 









 and biological treatment
145
, as shown in Figure 
2.14
146
. Until 2007, the major commercial products generated from lignin degradation 
processes were vanillin, dimethyl sulfide, and dimethyl sulfoxide.
146
 In this research, we 
only focused on two major thermochemical approaches, oxidation and reduction, to 
convert lignin into value-added aromatic components. 
 
 












2.7.2 Lignin degradation by oxidation 
Lignin depolymerization by oxidation is an important strategy to isolate aromatic 
components from lignin through the oxidative cracking reactions and cleavage of the 
chemical bonds.
142
 The most commonly used oxidative agents include oxygen gas, metal 
oxides, nitrobenzene and hydrogen peroxide.
26
 The products from lignin oxidation 
processes may vary depending on the reaction conditions, ranging from vanillin, 
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syringaldehyde, 4-hydroxybenzaldehyde to carboxylic acids. As the most abundant and 
cheapest oxidative agents, oxygen is proposed to be the ideal candidate to oxidize lignin. 
However, without a catalyst, the low rate kinetics of overall reactions and the poor 
selectivity of the as-obtained products hinder the practical application of oxygen.
147, 148
 
Therefore, numerous researches have been focused on the development of novel catalyst 
systems to optimize the lignin oxidative degradation process, including metal salts 
catalysis, metal-free organic catalysis, acid or base catalysis, organometallic catalysis as 
well as photocatalysis. 
 
 








 Transition metal salts are an important category of lignin degradation catalysts. 






, can generate moderate yield of 
products through lignin model compounds in acids with the presence of oxygen.
150
 
However, the yield from hardwood organosolv lignin was low, which was around 
10.9 %.
151





to oxidize steam-explosion hardwood lignin and the yield of aromatic aldehydes was 




 on lignin degradation is 
shown in Figure 2.16
149
. Compared with the traditional metal oxides, the perovskite-type 
oxides (ABO3), such as LaCoO3, LaMnO3, and LaFeO3, show more advantages in the 
lignin oxidation area due to their high catalytic activity and improved stability.
153
 The 
catalytic activity of the perovskite-type oxides can be further improved by the 
substitution of A- or B- cations.
142
 It was reported that the hollow nano-spheres of 
LaFexMn1−xO3 and La0.9Sr0.1MnO3 was demonstrated to be more effective to oxidize 
lignin in the wet air condition compared with conventional perovskite-type oxides.
154
 
Furthermore, the substitution of Co-based (LaCoO3)
155
 and Fe-based (LaFeO3)
156
 oxides 
by Cu- ions (LaFe1−xCuxO3, LaFe1−xCuxO3) was proposed to promote the lignin 
degradation by increasing oxygen vacancies concentration and, thus, increasing the 
amount of adsorbed oxygen surface active site.  
 Polyoxometalates (POMs) are a class of anionic metal-oxo polyhedral clusters 
formed with metal centers and oxygen atoms at the vertices.
157-159
 Recently, POMs are 




 was reported to be 





 showed catalytic activity on both phenolic and nonphenolic units
163
. The 
reaction mechanism was further investigated using β-aryl ether dimers and was disclosed 
to differ for phenolic and nonphenolic units. In the case of phenolic β-O-4 units, the 
cleavage of the linkages involves both hydrolytic cleavage of the alky-phenyl bonds and 
the typical acid-catalyzed splitting, as shown in Figure 2.17 (up). In the case of 





oxidation of aromatics followed by homolytic cleavage of Cα-Cß and β-O-4 linkages, as 
shown in Figure 2.17 (bottom). Besides, another POM, H3PMo12O40 was applied as the 
oxygen vehicle to degrade lignin since its redox potential is higher than lignin and lower 
than oxygen.
160
 They also discovered that the addition of small alcohol molecules into the 
degradation system could effectively prevent the re-polymerization of lignin fragments in 
aqueous phase and, therefore, promote the product yield.  
 Another strategy of lignin oxidation is focused on the combination of oxidative 
agents with ionic liquids. Zhu et al.
164
 reported a lignin oxidation catalysis system of 
palladium (0) and iron bis(dicarbollide) pyridinium salt in the mixture of 
[Bmim]PF6/[Bmim][MeSO4]. This catalysis system was demonstrated to be effective and 
enhanced the conversion of the lignin model compounds by increasing the lignin 
solubility. The use of ionic liquids as solvent of the oxidation process can not only 





 compared the effects of different metal salts, such as CoCl2·6H2O, 
Co(acac)3, FeC2O4, Ni(NO3)2, Cu(acac)2, and Mn(NO3)2, in 1-ethyl-3-methylimidazolium 
diethylphosphate ([Emim]DEP). They reported that the CoCl2·6H2O showed the highest 
reactivity in [Emim]DEP with high selectivity and also the activity order of different 











 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) is an effective metal-free 
catalyst to convert primary hydroxyl groups into carboxyl groups
167
, which is further 
applied for lignin depolymerization.
58, 168
 It was reported by Zhai et al.
169
 that in the 
TEMPO oxidation system, the conversion was supposed to be decide by three factors: 
TEMPO, oxidative agents and reaction environment. The mechanism of a TEMPO-
mediated lignin catalytic system in the aerobic condition was proposed by Stahl et al.
58
 
They proposed that the system combined with HNO3 and HCl should have high chemo-
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selectivity on secondary benzylic alcohols and they tested various lignin model 
compounds, as shown in Figure 2.18.
58
 They further developed another process where 










2.7.3 Lignin degradation by reduction reaction 
Benzene, toluene and xylene are the three major ideal chemicals derived from lignin 
since they are the starting chemicals and act as the building blocks of other aromatic 
compounds.
26
 However, the chemicals produced from current lignin oxidation processes, 
such as vanillin and syringaldehyde, still possess some extent of oxygenation. In order to 
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obtain the completely deoxygenated aromatic compounds, reduced depolymerization or 
hydroprocessing cleavage is crucial in the lignin upgrading process. Technically, 
hydrogenolysis is the process where hydrogen atoms break the C-C or C-heteroatom 
bonds and add to the new-formed molecules.
142
 This process is further developed into 
hydrodeoxygenation when combined with oxygen removal. 
 As one of the most popular hydrogenolysis catalyst, Nickel-based catalysts were 
applied in the area of lignin degradation starting back to the 1940s.
170
 Sergeev et al.
171
 
demonstrated that the Ni-based complex could catalyze the hydrogenolysis of aryl ethers 
at 100 
o
C under 0.1 MPa H2 atmosphere with yields of 54-99%. Another SiO2 supported 
Ni catalyst was reported to break aryl ether bonds selectively, including α-O-4, β-O-4 and 
4-O-5.
172
 Beside of the model compounds, activated carbon supported Ni catalyst were 
reported to selectively cleave β-O-4 linkage of lignosulfonate in methanol by Song et 
al.
173
 They further studied the effects of different alcohols as solvent on lignin 
depolymerization with Ni-carbon catalysts and indicated that alcohols served as proton-
donors and H2 gas wouldn‘t affect the lignin conversion.
174
 
 Another important category of hydrogenolysis catalysts are the metals in platinum 
group, including Pd, Pt, Ru, Rh and Ir, which have higher intrinsic catalytic activity 
compare with Ni.
142
 Toledano et al.
175
 reported that monomers, dimers and oligomers 
were successfully prepared from organosolv lignin through cleavage of aryl-O-aliphatic 
and aryl-O-aryl bonds by Al-SBA-15 supported Pd, Pt and Ru catalysts. Bouxin et al.
53
 
studied the impact of different types of lignin on the products of catalytic degradation by 
Pt/Al2O3 and suggested that yields of monomers were highly related to the proportion of 
β-O-4 linkages in lignin. However, due to the high catalytic activity of hydrogen, the 
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selectivity of catalysts in this group is not very high since they will not only promote 
hydrogenolysis of lignin and they also affect the rate of other hydrogen related reactions 
as well as side reactions.
53
 Therefore, mild reaction conditions are preferred. Parsell et 
al.
176
 introduced Zn into Pd-based catalysts and discovered that the new catalyst showed 
high synergistic effects on lignin conversion as well as a high selectivity on 
hydrodeoxygenation of aromatic alcohols without the impact on arenes.  
 
 
Figure 2.19 Proposed mechanism for phenolic aromatics hydrodeoxygenation with Pd/C 
and acid 
 
 Other types of catalysts, such as molybdenum-based compounds
177
 and metal 
phosphides
178, 179
 also show potential in lignin hydrodeoxygenation. Besides, some 








 and etc., can improve the 
selectivity of hydrodeoxygenation compared with monometal catalysts. It is also reported 
that the bifunctional catalysts containing both metal and acid components can increase 
the reaction kinetics and product selectivity. For example, Zhao et al.
184
 studied the 
bifunctional catalysts of carbon supported Pd, Pt, Ru and Rh with phosphoric acid and 
found that they could convert phenolic compounds into cycloalkanes and methanol 
through hdyrodeoxygen process with the mechanism shown in Figure 2.19. However, 
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most of these catalytic reactions were carried out on lignin model compounds and very 
few hydrodeoxygenation researches were conducted on lignin complex. Oasmaa et al.
185
 
reported the catalytic hydrotreatment on organosolv lignin and kraft lignin with 
ammonium heptamolybdate and the hydrodeoxygenation degree reached 98%. 
 Using hydrogen-donating solvents, such as the mixture of phenol-water
186
 and 
supercritical methanol or water
187
, is an alternative strategy of lignin hydrogenolysis. 
Huang et al.
188
 combined the metal catalysts (CuMgAlOx) and supercritical ethanol and 
found an effective approach to lignin hydrodeoxygenation with an aromatic monomer 
yield of 23 wt % of lignin. Another kind of solvents is the ionic liquid. Binder et al.
189
 
conducted the hydrogenolysis of lignin model compounds in 1-ethyl-3-
methylimidizolium chloride and triflate with metals and acids as catalyst systems and 
were able to isolate the expected products with relatively high yields. 
 However, most of the lignin degradation processes are carried out at very harsh 
conditions. Therefore, it is necessary to develop a new and effective method that can 











CHAPTER III  
PLOBLEM ANALYSIS AND OBJECTIVES 
 
3.1 Problem analysis 
As reviewed in Chapter 2, the production of biomass from agricultural and forestry 
sources is more than 1.3 billion tons annually. A study proposed that the coupling 
―biomass-conversion technologies‖ and ―land-use‖ could not only meet the nation‘s 
increasing need for fuel, and also it would not affect the production of food, feed and 
fiber. Recently, the advent of biorefineries that convert cellulose into liquid fuels 
generates more lignin than necessary substantially. Over 90 % of the lignin generated is 
burnt for heating directly, which is a great waste of natural resources. Therefore, lignin 
valorization into value-added products is of great significance to the society. 
 It is indicated from the literature that the limited solubility, poor miscibility with 
other polymers and structure heterogeneity are the major obstacles hindering the further 
application of lignin. Besides, the strong covalent bonds between various units in lignin 
make it difficult to degrade lignin into small aromatic compounds under mild conditions. 
The primary objective of this thesis is to prepare value-added products from lignin. There 
are two common strategies: the first is to use lignin as a natural macromolecular material 
and the second it to decompose its complex structure into low molecular weight 
chemicals. 
 In order to use lignin in its macromolecular status, we seek to find some special 
properties from lignin. Lignin contains both hydrophilic functional groups as well as 
lipophilic carbon backbone, suggesting a good candidate of surfactant. Also lignin can 
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provide mechanical support in woods due to its rigid aromatic structure, which shows 
potential as fillers in the polymer composites. Hence, the desired solubility in aqueous or 
oil phase and good miscibility are crucial, which is actually affected by the heterogeneous 
structure. To overcome these challenges, we seek different modification reactions to tune 
the structure of the lignin and obtain the desired properties. We further demonstrate its 
application as the emulsifier for water-in-oil emulsion and substitution of traditional 
polymers in the porous aerogel. 
 In order to prepare useful chemicals from lignin, we seek to find some good 
catalysts that can degrade lignin in a green and sustainable method. As mentioned in 
Chapter 2, lignin is the only natural aromatic macromolecular feedstock of large 
production; however, all the aromatic units are linked with carbon-carbon or ester bonds, 
which can only be cleaved with high energy. There are two common chemical 
degradation methods: oxidation and reduction. Oxygen is the most ideal oxidative agent 
due to its universal availability and environmental-friendliness; however, the challenge is 
the low oxygen solubility in solvent and limited reaction kinetics at the liquid-gas 
interface. To overcome this challenge, we design the catalyst system with the 
combination of FeCl3 and NaNO3, which serves as the molecular vehicle to transfer 
oxygen onto the reaction sites and to increase the overall reaction rate. We further apply 
this system in the application of wood chips pretreatment. In the case of reduction, we 






3.2.1 Objective 1 
To prepare organic phase soluble lignin though modification with different 
chemicals and investigate its interfacial activities as surfactant. 
 Lignin is supposed to a good candidate of surfactant since it contains both 
hydrophilic and oleophilic units in the structure. However, most researches are focused 
on the aqueous phase soluble surfactant. In this objective, we will study the structure in 
detail with different characterization approaches and seek chemicals to graft onto lignin 
in order to make it soluble in organic monomers. The effects of modified lignin as 
surfactant on interfacial tension between aqueous and organic phases will be investigated. 
Further, we will apply it in the area of emulsification and study the stability of as-
prepared emulsion. 
3.2.2 Objective 2 
To substitute traditional polymer with lignin and prepared the aerogels of the 
lignin-polymer composites. Also to study the effects of lignin on the properties of the 
as-prepared composites. 
 Lignin is supposed to be a good substitution of traditional polymer due to its rigid 
structure and mechanically supporting role in the wood. However, the fabrication of 
lignin-based emulsion-derived composite foams has not been fully disclosed. In this 
objective, we will increase the compatibility of lignin with other polymers and further 
design an effective route to prepare lignin-based polystyrene composites, in form of films 
and porous structures. The effects of lignin on the mechanical, thermal, physical and 
dimensional stability will be investigated. 
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3.2.3 Objective 3 
To prepare aromatic compounds through lignin oxidation using redox ion pairs as 
catalyst under mild condition. 
 Lignin is supposed to be good sources of aromatic chemicals since it is composed 
with aromatic units. However, the degradation process is challenging due to its 
complicated structural pattern and strong covalent bonds. In this objective, we will offer a 
low temperature oxidative degradation of lignin to form vanillin by using a redox couple 
catalyst under mild conditions. The reaction parameters, such as catalyst content, 
temperature and reaction time will be studied. We will discuss the mechanism of the 
catalysis process.  
3.2.4 Objective 4 
To pretreat and break the lignocellulosic complex of hardwood and softwood chips 
directly by redox ion pairs under mild conditions.  
 Pretreatment of lignocellulosic biomass, especially for softwoods and hardwoods, 
plays the vital role in conversion of cellulosic biomass to bioethanol. Although many 
pretreatment technologies have been reported, almost all effective pretreatment methods 
cannot handle large sized woodchips directly. In this objective, we will report a simple, 
effective and low temperature (~100 
o
C) process for pretreatment of hardwood (HW) and 
softwood (SW) chips directly by using a catalytic system of FeCl3/NaNO3 redox couple. 
The working mechanism and understanding the structural changes of hard and softwoods 










With an increasing concern over the fossil fuel shortage and environmental sustainability, 
great efforts have been made to utilize materials from renewable resources, such as bio-
based surfactants.
79
 Lignin is the second most abundant biomass resources on earth and 
the production is around 50 billion tons annually.
73
 However, over 90% of lignin is 
currently disposed directly as a cheap fuel.
190
 Studies on value-added application of 
lignin have drawn great scientific attention, and some progress has been made to convert 
lignin into value-added products.
19-23
 Recently, many scientific investigations have been 
conducted on lignin to control its amphiphilicity so that the resultant lignin can be applied 
in the field of dispersion and emulsification as bio-based surfactants.
24
 These sustainable 
surfactants would not only extend the application of lignin, but they also show better 
environmental compatibility compared with traditional chemical surfactants. Homma et 
al. used poly(ethylene glycol) to functionalize kraft lignin. 
97
The resultant lignin 
derivative successfully lowered the critical aggregation concentration in gypsum by 2~4 
orders of magnitude. In another study, Gupta et al. grafted polyacrylamide and 
poly(acrylic acid) onto kraft lignin through reversible addition-fragmentation chain-
transfer (RAFT) polymerization.
24
 The grafted lignin was used to prepare emulsions of 
water and hexane where the low grafting density in the modified lignin was hypothesized 
to favor partitioning into hexane side of the oil-water interface. 
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Naturally, most lignin is formed through an oxidative radical polymerization
43
 by 
three main monolignols: p-counmaryl alcohol, coniferyl alcohol and sinapyl alcohol
44
. 
The functional groups of lignin may change depending on its biomass resources and 
isolation process
48
. Kraft lignin, used herein, is a primary byproduct extracted from black 
liquor during the kraft pulping process in the conventional paper and pulp industry. The 
hydroxyl groups in kraft lignin are generated by the fragmentation of lignin 
macromolecules through the bonding cleavage of the phenylpropane units in kraft 
cooking digester by NaOH and Na2S.
80, 81
 Kraft lignin can only be dissolved in a very 
limited selection of organic solvents and basic aqueous solution.
24
 This problem often 
hinders the strategic utilization of lignin for various industrial applications. Nevertheless, 
on the other hand, the diversity of functional groups allows the possibility of many 
different modifications, such as esterification, acylation, halogenation and sulfonation. 
78
 
Typical lignin contains both hydrophilic phenolic/aliphatic hydroxyl groups and 
lipophilic carbon backbone, which suggests a special affinity to polar and nonpolar 
phases. Therefore, it owns great potential to be used as a surfactant. However,a certain 
modification step is often necessary to control its amphiphilicity and solubility. Zhou et 
al. prepared a water-soluble lignin-based surfactant through the alkylation with 1-
bromododecane in alkali pyridine/isopropanol/water system. 
98
. They found that the 
water/air surface tension was reduced from 72.8 to 28.2 mN·m
-1
 when the resultant lignin 
derivative was applied. In another study, copolymerization between kraft lignin and 
acrylic acid was conducted by Kong et al.
99
in an aqueous solution using K2S2O8–
Na2S2O3 as an initiator. The lignin copolymer product is water-soluble under acidic 
condition (pH=4). Another strategy of enhancing its surface activity performance is to 
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introduce highly hydrophobic groups onto lignin molecules. Lignin-based 
anionic/cationic surfactant was synthesized by Zhou et al.,
100
 where a hydrophobic 
polyethylene glycol chain was introduced to sodium lignosulphonate (CA-PEGs). The 
surface tension in water/air interface decreased to 39 mN·m
-1
 when SL-PEG was used 
with CTAB. Surface-active organosiloxanolates were chosen as modifiers to improve the 
hydrophobicity of lignin by Telysheva et al.
101
 These studies demonstrated that the 
interfacial activities of lignin could be improved by effective chemical modification.  
However, to the best of our knowledge, only few publications related to oil-
soluble lignin with good surface activity and stable W/O emulsion are reported in the 
literature. The objective of this work is to improve the compatibility of lignin and organic 
monomers by chemical modifications and synthesize bio-based surfactant which can be 
used as an emulsifier to prepare W/O emulsion. Lignin solubility was investigated by 
chemical analysis. Reactions of lignin with BA, MPS, and BIBB were studied in detail by 
determining hydroxyl group content in lignin. Moreover, the interfacial tension between 
water and organic monomers was investigated and the modified lignin showed great 
potential in enhancing interfacial stability. Herein, we successfully synthesized a series of 
bio-based surfactants derived from kraft lignin. These surfactants are effective in 





4.2 Experimental and methods 
4.2.1 Materials 
Kraft lignin (lignin, alkali) was purchased from Sigma-Aldrich and used without 
any further pretreatment. Butyric anhydride (98%), tetrahydrofuran (THF), 1-
Methylimidazole (1-MIM) and dichloromethane (spectrophotometric grade) were 
purchased from Alfa Aesar and used as received. Dimetylformamide (DMF) and 
anhydrous ethyl ether were obtained from J.T. Baker. 3-(trimethoxysilyl)propyl 
methacrylate (MPS), 2-bromoisobutyryl bromide (BIBB) and triethylamine were 
purchased from Sigma-Aldrich. Cyclohexane was purchased from BDH. Three 
monomers, styrene (stabled with 4-tert-butylcatechol), methyl methacrylate (MMA) 
(stabled) and butyl acrylate (BA) (stabled with 4-methoxyphenol) were purchased from 
Alfa Aesar and purified by passing through an alumina column to remove inhibitors 
before the interfacial tension measurements. 
4.2.2 Lignin modification with butyric anhydride 
In this reaction, the esterification reaction was carried out between lignin and 
butyric anhydride. Briefly, 5g of lignin was mixed with 15g of butyric anhydride in a 
50ml two-headed flask. 0.25g of 1MIM was then added to the system as a catalyst. The 
reaction was performed at 70 °C in nitrogen atmosphere under vigorous stirring. After 10 
hs, the reaction was quenched by adding diethyl ether. The reaction mixture was washed 
three times with water to remove the catalyst. Then cyclohexane was added to the 
solution to precipitate modified lignin from ether phase. After filtration, the product was 
dried under vacuum (50
o
C) for 24hs. In the product separation process, 200 mL ethyl 
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ether, 3×200 mL water and 200 mL cyclohexane were used for each 100 mL reaction 
mixture. 
4.2.3 Lignin modification with 3-methacryloxypropyltrimethoxysilane (MPS) and 2-
bromoisobutyrylbromide (BIBB) 
To compare with the butyric anhydride, another two chemicals (MPS and BIBB) 
were used to modify lignin in this section. In the case of MPS, 2g of original kraft lignin 
was first dissolved in the mixture of 80 mL THF and 12 mL water, and then 6 g of MPS 
was added to the system. The reaction was carried out at 60°C for 6hs under stirring and 
reflux. Dichloromethane was used to remove all the unreacted reactants. Most derivatized 
lignin precipitated and formed a granular layer between the organic and aqueous phases. 
After filtration, the products were washed with water for three times and then dried at 50 
o
C under vacuum for 24hs. 
Another esterification reaction was performed between lignin and BIBB. Briefly, 
3g of lignin was dissolved in 50 mL DMF in a 200 mL three-necked flask containing 
16mltriethylamine. 12mLBIBB was added to the system dropwise under stirring. The 
reaction was performed at 70 °C under nitrogen atmosphere with stirring for 24 hs. After 
the evaporation of solvent, dichloromethane and water was used to wash the product for 
three times and then the product was dried at 50 
o
C under vacuum for 24hs. 
4.2.4 Characterization of products 
The structures of kraft lignin and modified lignin were verified by Fourier 
Transform Infrared Spectroscopy (FTIR) and proton Nuclear Magnetic Resonance (
1
H 
NMR). Samples were dried at 105
o
C for overnight before measurements. FTIR analysis 
was obtained by a Bruker Vertex 80V in the range of 500 to 6000 cm
-1
 with 32 scans. For 
1
H NMR measurements, lignin samples (~100 mg) were dissolved in 600 μL DMSO-d6 
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and the spectra were recorded by a Bruker Avance/DMX 400MHzNMR spectrometer 
with 16 scans and 1s pulse delay. 
Lignin pellets were prepared by pressing modified lignin powder (6000 psi). One 
drop of DI water was dropped onto the surface of each pellet. Then the contact angle of 
each lignin was measured by FTA200 dynamic contact angle analyzer (First Ten 
Angstroms). For each contact angle, three repeated tests were conducted, and the 
experimental error among the tests was less than 5%. 
Thermogravimetric analysis (TGA) was performed to study the thermal stability 
of lignins. Approximately 15 mg of lignin samples were heated from 35 to 900 
o
C at a 
heating rate of 10 
o
C/min under N2 atmosphere. 
Gel permeation chromatographic (GPC) analysis was performed in THF with a 
flow rate of 1mL/min at 40
o
C. Detection was achieved using a diode array detector 
(SPD‐M20A) and RI detector (RID‐10A). The instrument was calibrated with 
EasiVial polystyrene standards (Agilent). 
4.2.5 Determination of hydroxyl group content 
The contents of hydroxyl group in lignin were determined quantitatively by 
31
P 
NMR as reported by Ben et al.
70
 Specifically, lignin samples (~20 mg) were dissolved in 
500 μL of the mixture of pyridine/CDCl3 (1.6:1, v/v) with chromium acetylacetonate 
(1.75 mg)as relaxation agent and endo-N-hydroxy-5-norbornene-2,3-dicarboximide 
(NHND) (1.98 mg) as internal standard.100 μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) was injected to react with lignin. The spectra were obtained 
by a Bruker Avance/DMX 400MHzNMR spectrometer with an inversegated decoupling 
pulse sequence, 90
o
 pulse angle, 25 s pulse delay, and128 scans. The contents of the 
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hydroxyl groupsin different chemical environments were determined by comparing 
relative areas with authentic internal standard. 
4.2.6 Conversion ratio 
In this work, three chemicals were used to modify kraft lignin to convert its 
hydroxyl groups(–OH) into hydrophobic groups. The lignin conversion ratio (χ) was 
calculated based on the contents of hydroxyl group in lignin structure: 
 ( )  
[   ]      [   ]      
[   ]     
      
where, [   ]      is the total content of hydroxyl groups in original kraft lignin, mmol·g
-
1




4.2.7. Solubility measurement of lignin in water at different pH values 
The solubility of lignin in water was measured by UV-Vis spectrophotometric 
analysis. A calibration curve of standard lignin with different concentrations (0-1.05 g·L
-
1
) in 0.1 M NaOH solution was made at UV adsorption of 280 nm, which is considered as 
primary wavelength for quantification of lignin. 
57
 
Aqueous solutions of different pH values were prepared and adjusted by using 0.5 
M H2SO4 and 0.5 M NaOH solution. When measuring the solubility, 1 g of lignin 
(original lignin and lignin-B) was added into 10mL aqueous solution and the mixtures 
were ultrasonicated for 1 h at room temperature. Then the mixtures were centrifuged and 
the supernatant was diluted with 0.1 M NaOH solution to achieve the corresponding 
concentrations (0-1.05 g·L
-1
). UV absorbance at 280 nm was recorded. 
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4.2.8. Measurement of interfacial tension at the oil-water interface 
The dynamic interfacial tension was measured via axisymmetric drop shape 
analysis of pendant drops with a Ramé-hart goniometer (model-250). This method is 
useful to determine the evolution of the interfacial tension due to the adsorption of 
surfactants or particles to the interface. Briefly, an inverted pendant drop of oil (styrene, 
MMA, or BA) immersed in the water was created by a syringe with a steel needle, and a 
high speed CCD camera was programmed to capture the variation of drop shape with 
time. The interfacial tension was obtained by analyzing the contour shape resulting from 
the balance of gravitational forces and tension forces. All experiments were performed at 
21 °C. The oils used in this study were styrene, MMA and BA. They were purified before 
the testing by shaking with basic alumina for 2 minutes and kept for overnight. Ultrapure 
water with a resistivity of 18.2 MΩ·cm (Barnstead) was used in this study. 
4.2.9. Emulsion preparation and measurements of droplet size distribution 
A certain amount (0.5 wt % or 5 wt %) of lignin-B was dissolved in 4 mL of 
styrene and the mixture is stirred in an ice bath for 30 min to ensure complete dissolution 
of lignin. The resultant solution was added to 4mL deionized water (volume ratio equals 
to 1:1) and then the emulsion was prepared by vigorous stirring with homogenizer at 
20,000 rpm for 5 min. The type of emulsion (O/W or W/O) was determined by adding 
one drop of emulsion into a volume of pure water or styrene and then observing its 
dispersion status. The results confirmed that the emulsion made from modified lignin 
surfactant was W/O emulsion. 
A tube sedimentation test was used to determine the emulsion stability. Initially, 
the emulsion was milky and homogeneous and only one phase exists in the system. The 
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downward movement of the oil-emulsion boundary was measured to investigate the 
stability of emulsion to sedimentation. The coalescence rate was determined by the 
movement of the position of the oil-emulsion boundary as a function of time. 
Size distribution of emulsion droplets was measured using a 90 Plus Brookhaven 
dynamic light scattering (DLS) instrument. The emulsions were diluted 100 times with 
styrene containing same amount of lignin-B before light scattering measurements. The 
measurements were performed at room temperature (20
o
C) and the refractive index of the 
dispersion medium is 1.55. Ten runs were carried out for each sample. 
 
4.3 Results and Discussion 
4.3.1. Modification of kraft lignin 
Theoretically, kraft lignin owns large amount of hydroxyl groups, which can react 
with chemicals like anhydride, silanes
191
 and halogens 
192
. Figure 4.1 shows possible 
pathways of lignin modifications with butyric anhydride, MPS and BIBB. The 
esterification reaction of lignin and butyric anhydride was carried out under closed 
nitrogen atmosphere at 70 
o
C with 1-MIM as a catalyst, as shown in Schematic 1(a). 
Butyric anhydride was used as both reactant and solvent. Initially, the original kraft lignin 
could not dissolve in the butyric anhydride solution before the reaction. However, as the 
reaction progressed, -OH groups of the lignin started to be converted into ester groups 
that would led to the completely dissolved lignin in the solution. Schematic 1(b) shows 
the reaction between kraft lignin and MPS, where the mixture of THF and water were 
used as the reaction medium. The reaction was performed at 60°C for 6h under stirring 
and reflux. In this reaction, –Si-O-C- bonds could be formed and the hydrophobic groups 
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of C=C bonds and ester linkages were introduced onto lignin. Another modification 
reaction was performed between kraft lignin and BIBB in DMF under a nitrogen 
atmosphere with trimethylamine as catalyst, as shown in Schematic 1(c). Ester bonds 
were formed with the reaction. After each reaction, the products were separated, purified 
and then characterized with FTIR, NMR, TGA and GPC to investigate their structures 
and to determine the conversion ratios. 
 
Figure4.1 Approaches of kraft lignin modification with three chemicals: (a) Butyric 
anhydride; (b) MPS; (c) BIBB. (Chemicals over the arrows are modifiers and molecules 




FTIR spectra of kraft lignin, lignin-B, lignin-MPS and lignin-BIBB are shown in 
Figure 4.2(A). A wide band at 3450 cm
-1
 for O-H and specific peak at 2935 cm
-1
 for the 
vibration of methoxyl groups could be used to characterize original kraft lignin.
193
 
Furthermore, peaks at 1615 cm
-1
 and 1514 cm
-1
indicate the presence of C-C stretching in 
the aromatic rings.
51
 A weak band at 1710 cm
-1
represents the stretching of unconjugated 
carbonyls (C=O).
194, 195
 Compared with the original lignin, the modified lignin can be 
identified by two aspects: (1) the relative strength of the absorbance bands at 2800-3000 
cm
-1
 (O-H) to the strength in the range of 3000-3700 cm
-1
 (C-H stretching); (2) the shift 
of peak for carbonyls (C=O). The decrease of peak area in the range of 3000-3700 cm
-1 
indicates the removal of hydroxyl groups. In addition, the shifted peak of C=O from 1710 
cm
-1
 to 1740 cm
-1
 suggests the introduction of esters (O-C=O) after reactions. 
194
. It is 
also noticeable that the band in the range of 3000-3700 cm
-1
 is very weak indicating a 
high hydroxyl groups‘ conversion. 
An increase in the molecular weights (MW) of modified lignin was observed in 
comparison with that of original lignin. As shown in Figure 4.2(B), the MW of lignin-B, 




 and 796 g·mol
-
1
, respectively, while the MW of original lignin is centered on 461 g·mol
-1
. The increase 
of MW is another indication of the grafting of chemicals onto lignin. Figure 4.2(C) 
illustrates the TGA curves for kraft lignin and modified lignin. While the original lignin, 
Lignin-B and lignin-MPS have similar decomposition profile, in which they start at 300 
o
C and end at 450 
o
C, lignin-BIBB sample shows a two-step thermal degradation process. 
An early thermal weight loss starting at 200 
o









Figure 4.2 (A) FTIR spectra for different lignin (dash lines for specific peaks of lignin; 
solid lines for characterized peaks of modified lignin): lignin-B (blue), lignin-BIBB 
(orange), lignin-MPS (purple) and original lignin (black); (B) Molecular weights 
distribution by GPC for original lignin and modified lignin; (C) TGA curves for original 




H-NMR spectra offer confirmation for the formation of the intended 
products, as shown in Figure 4.3. In the spectrum of original lignin (Figure 4.3(a)), 
protons at different chemical environments are quantified, including: hydroxyl protons 
(8.0-9.4 ppm), aromatic protons (6.3-7.7 ppm), methoxyl protons (3.81 ppm) and 




































































results reported in the literatures. 
198-2001
H-NMR spectra for lignin-B, lignin-MPS and 
lignin-BIBB are listed in Figure 4.3(b), 2(c) and 2(d), respectively. In the case of lignin-
B, the relative strength of peaks in the range of 0-2.0 ppm significantly increases, 
corresponding to the increasing content of hydrocarbons (-CH2-, -CH3), 
51
 while the peak 
at ~9 ppm is no longer observed, attributed to the removal of hydroxyl groups. Peaks for 
specific protons are listed in the figure. In Figure 2(c), the peaks at 5.6 ppm, 1.5 ppm, 0.7 
ppm, 1.35 ppm and 3.6 ppm are assigned to vinyl proton, methyl proton, α-CH2-, β-CH2- 
and γ-CH2-, 
201, 202
 respectively. The spectrum confirms the successful grafting of MPS 
onto kraft lignin through the hydrolysis of silane groups. In the case of lignin-BIBB, only 










H NMR spectroscopy for modified lignin: (a) original lignin; (b) lignin 
modified with butyric anhydride; (c) lignin modified with MPS; (d) lignin modified with 
2-bromoisobutyrylbromide 
 
Based on the results above, we conclude that the modification reactions occurred 
for all three modifiers (butyric anhydride, MPS and BIBB) under the given conditions.  
 
4.3.2. Investigation of lignin solubility in oil 
The solubility of both original kraft lignin and modified lignin was investigated 
by adding a small amount of lignin samples (~1.5 wt % of monomer) into styrene, MMA 
or BA. Figure 4.4 shows the photographs of different lignin solubility in styrene. The 
original kraft lignin is unable to dissolve in any of the monomers as indicated by the clear 
and colorless organic phase of the mixture after centrifugation. This is due to the 
presence of a large amount of hydrophilic groups, such as –OH, -SH and -COOH, in the 
unmodified lignin.
47
 On the contrary, homogeneous solutions were obtained when lignin-
B was mixed with styrene, MMA or BA monomers. The solubility test conducted by 
centrifugation followed by gravity measurement indicated that lignin-B is totally soluble 
at a concentration of 15 wt.%, which is similar with the result of Thielemans et al.
51
 They 
conducted the similar reaction and explained the results using the Flory-Huggins 
solubility theory. However, they did not provide detailed information about its structure. 
In this work, 
31
P NMR was applied to analyze the amount of hydroxyl groups on lignin 
structure and the change of its hydrophobicity was investigated through the difference of 





Figure 4.4. Photos of lignin dissolving in styrene: (A) original kraft lignin; (B) lignin-B; 
(C) lignin-MPS; (D) lignin-BIBB 
 
In the case of MPS and BIBB modification, only partial lignin samples were 
dissolved. The partial solubility of lignin-MPS and lignin-BIBB in organic monomers 
was originated from the low reaction extent, resulting in an incomplete conversion of 
hydroxyl groups in kraft lignin. Therefore, to understand the extent of reaction for each 
modification, the content of –OH lignin after reaction need to be determined. 
 
 









P NMR spectroscopy for modified lignin: (a) original lignin; (b) Lignin-B; (c) 
Lignin-MPS; (d) Lignin-BIBB 
 
31
P NMR is a general approach to quantitatively determine the content of 




P NMR spectra of lignin samples, as shown in 
Figure 4.5 and Table 4.1, provide the information of unreacted–OH groups after the 
modification. Initially, one gram of kraft lignin contains 6.62 mmol hydroxyl groups. 
After the reaction with butyric anhydride, the hydroxyl group content reduced to 0.30 
mmol/g, indicating over 95% of –OH groups were reacted. It is also believed that the 
residual hydroxyl groups were due to the trace amount of acid, which might be originated 
from the reaction of anhydride with water. In the case of lignin-MPS, more than 55% of 
the total hydroxyl groups in lignin were unreacted, in which 55% of aromatic hydroxyl 
groups and 27% of aliphatic hydroxyl groups were consumed. The result indicated that a 
higher reaction activity of aromatic –OH groups was observed in comparison to that of 
aliphatic –OH in this reaction condition. In the case of lignin-BIBB, 77% of hydroxyl 
groups were consumed. A relatively high but not fully converted hydroxyl groups was 
applied to both aliphatic and aromatic –OH. Thus, these data explained the solubility 
difference among lignin in styrene after modification with different chemicals. The high 
degree of esterification of –OH on lignin through the reaction with butyric anhydride 
reduces its hydrophilicity and made lignin-B soluble in styrene. In contrast, the partially –
OH conversion in the case of MPS and BIBB promote only partial solubility. The overall 
conversion of hydroxyl groups is listed in Table 4.2. 
In summary, kraft lignin was successfully modified by grafting anhydride, MPS 
and BIBB. The expected structures of derivatized products were confirmed by different 
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characterizations, including FTIR, NMR, TGA and GPC. According to the results of 
solubility measurements, lignin-B was demonstrated to be completely soluble in styrene 
while lignin-MPS and lignin-BIBB dissolved partially. The solubility of three modified 
lignins on oil were explained by extent of –OH conversion as calculated with the help of 
31
P NMR. Butyric anhydride showed the highest reactivity and over 95% –OH groups 
were converted and the conversions were much less in the other two cases. 
 




















150.0 – 145.5 Aliphatic OH 2.36 
0 
1.71 0.43 
144.70 – 142.92 β-5 0.58 0.76 0.40 
142.92 – 141.70 4-O-5 0.38   
141.70 – 140.20 5-5 0.69   
140.20 – 138.81 Guaiacyl 1.63 1.16 0.37 
138.81 – 138.18 Catechol 0.22   
138.18 – 137.30 
p-hydroxyl-
phenyl 
0.22 0.09  
136.60 – 133.60 Acid OH 0.54 0.30 0.05 0.31 
 Total 6.62 0.30 3.77 1.51 
(a) Original kraft lignin; (b) lignin modified with butyric anhydride; (c) lignin grafted 




Table 4.2 Conversion of hydroxyl groups for each modification reaction  
 Lignin-B Lignin-MPS Lignin-BIBB 
Conversion (%) 95.47 43.05 77.19 
 
4.3.3. Study on the interfacial activity of modified lignin 
While lignin-B is soluble in organic monomers due to the removal of most 
hydroxyl groups, the material still contains both hydrophobic backbones and hydrophilic 
function groups (–SH and –COOH).The amphiphilic structure of the material may 
suggest a promising surfactant functionality. In addition, the disordered high molecular 
weight structure of lignin is supposed to adsorb at the interface and consequently, reduces 
the overall interfacial tension.
24, 204
As shown in Figure 4.6(a), original lignin became 
soluble in aqueous solution when pH> 9, caused by the formation of sodium salt of 
phenol and its solubility increased sharply with the increasing pH. Nevertheless, lignin-B 
was insoluble at any pH value resulted from the high degree of phenol group conversion. 
The result indicates the potential utilization of lignin-B to provide both steric and 
electrokinetic stabilization at the oil-water interface. 
The dynamic interfacial tensions of styrene-water interface for the modified 
lignin-monomer solutions were measured by the pendant drop shape analysis using a 
Rame-hart tensiometer. Figure 4.6(b) shows that the interfacial tension of 5 wt % of 
modified lignin in different monomers which decreased with time and then reached 
steady state. The decrease in the interfacial tension may be due to the progressive 
adsorption of modified lignin at the respective interface over the course of the 
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measurement series. As the interface reaches a saturated coverage by modified lignin, the 
interfacial tension reached a steady value. The steady state interfacial tensions of oil 
(styrene, MMA, or BA)-water interface as a function of lignin-B concentrations from 1 
wt % to 15 wt % are given in Figure 4.6(c). The data demonstrate that the steady state 
interfacial tensions of all three systems first decreased and then reached a plateau. 
The reduction of interfacial tension of oil-water interface suggests that modified 
lignin molecules adsorb onto the oil-water interface. The accumulation of modified lignin 
molecules in the interface may function effectively as emulsion stabilizer since it can 
prevent the droplet coalescence through electrostatic repulsion, mechanical barrier and 
formation of the viscoelastic skin around the droplets of the dispersed phase. 
 












































































































Figure 4.6 (a) Solubility of lignin: (I) Calibration curve of lignin solution with different 
concentrations; (II) solubility of original lignin and lignin-B at different pH values; (b) 
The change of interfacial tension on O/W interface with time: lignin-B (5 wt %) was used 
as surfactant; interfacial tension decreased with time first and then reached steady state; 
(c) Interfacial tension on O/W interface at steady state as a function of lignin-B 
concentrations from 1 wt% to 15wt%. 
 

















































































(c) I II 
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Figure 4.7 (a) Fraction of oil phase resolved versus time for styrene-water emulsion 
stabilized by lignin-B (0.5 wt % and 5 wt %) or span-80 (5 wt %). (b) Size distribution 
for styrene-water emulsion immediately after emulsification and 60 minutes after 
emulsification stabilized by lignin-B or span-80: (I) lignin-B, 0.5 wt % to styrene; (II) 
lignin-B, 5 wt % to styrene; (III) span-80, 5 wt % to styrene. (c) Photos for styrene-water 
system stabilized by lignin-B: before emulsification, immediately after emulsification and 
60 minutes after emulsification (from left to right): (I) 0.5 wt %; (II) 5 wt %. 
 
Before emulsification, two clear phases existed in the system with a mixture of 
lignin-styrene solution as upper phase and water as the bottom phase. After stirring at 
high speed (25,000 rpm), a homogeneous emulsion was obtained, as shown in Figure 
4.7(c). The type of emulsion was verified by dispersing emulsion into the continuous 
phase; the prepared emulsion was able to be diluted by styrene (with stabilizer of same 
concentration) and formed a stable suspension, which indicates good water-in-oil (W/O) 
emulsion. Figure 4.8 shows the possible mechanism of emulsion system with styrene as 
the continuous phase and water as the dispersed phase. A thin layer is formed by lignin 






Figure 4.8 Schematic representations of lignin-B at the water droplet surface in the W/O 
emulsion system. Layer of lignin molecules were formed at the interface. 
 
In order to investigate the sedimentation stability of the emulsions prepared with 
lignin-B, the fraction of top oil layer (φoil) separated from the emulsion was measured. As 
shown in Figure 4.7(a), the sedimentation stability increased progressively with the 
increasing of lignin-B content. After 1 h from the emulsification, φoil reached 0.4 when 
0.5 wt % lignin-B was used as surfactant while φoil reduced to 0.06 when lignin content 
increased to 5 wt %. It has been known that the emulsion droplet dimension and the 
continuous phase viscosity are the two major factors that affect sedimentation stability of 
the emulsion. Dynamic light scattering (DLS) was applied to determine the droplet size 
of emulsions, as indicated in Figure 4.7(b). The diameters (intensity average) of water 
droplets were 499.4 nm and 363.9 nm for 0.5 wt % and 5 wt % lignin respectively when 
measured immediately after emulsification. The smaller droplets size (363.9 nm) in high-
lignin-content (5 wt %) case suggested a slow sedimentation of the droplets in the 
emulsion. On the other hand, the viscosity of organic phase (continuous phase) increases 
with increasing lignin concentration, 
205, 206




Thus, high lignin content facilitated an increase in mixture viscosity and a decrease of 
emulsion droplet diameter, which enhanced the sedimentation stability of the emulsion. 
In order to investigate the emulsion coalesce stability, the fraction of water layer 
at the bottom of the emulsion was measured. It is noticeable that a good coalescence 
stability was obtained in both cases (0.5 wt % and 5 wt %). No resolved aqueous phase 
was observed in 60 minutes. Furthermore, no water was separated from emulsion in 30 
days, indicating lignin-B was a promising stabilizer to prepare W/O emulsion. The DLS 
data were in line with the good coalescence stability, since the average diameter 
increased a little to 630.2 nm and 435.6 nm for 0.5 wt % and 5 wt %, respectively. A 
broader distribution was obtained when measuring the droplets size in 60 minutes after 
emulsification in the case 0.5 wt % modified lignin (Figure 4.7(b)I). A proposed 
explanation is due to the incomplete coverage of lignin on the surface of water droplets at 
this low content and the lignin molecular re-assembly during the static time. 
Span-80 is a widely used emulsifier to prepare W/O emulsion and it was used as 
comparison in this study. The result indicated that the emulsions prepared by 0.5 wt % 
span-80 easily collapsed in 4 minutes after emulsification and clear three layers were 
observed: oil on the top, water on the bottom and a very thin milky emulsion layer in the 
middle. Only when 5 wt % span-80 was applied, the corresponding emulsion was stable 
with φoil equal to 0.015 after 60 minutes without aqueous phase in the bottom. Compared 
with Span-80, it was noted from the sedimentation measurement that the emulsion 
droplets were more likely to sediment when lignin-B was used with concentration of 5 wt 
%. This is mainly due to the higher degree of molecular branching occurring with high-





 Nevertheless, at low concentration (0.5 wt %), span-80 alone failed 
to stabilize emulsion while lignin-B could form stable emulsion. This indicates that, with 
low concentration, the lignin-based surfactant shows better performance. 
 
4.4 Conclusion 
Grafting of butyric anhydride, MPS and BIBB onto kraft lignin can change lignin‘s 
amphiphilicity. FTIR, 
1
H NMR, GPC and TGA analysis confirmed the grafting reactions 
and 
31
P NMR analysis was applied to determine the extent of reaction. While lignin 
modified with MPS and BIBB could dissolve partially in styrene due to the significant 
amount of hydroxyl groups remained in lignin molecules. In contrast, a conversion of 
over 95% of hydroxyl groups was achieved when butyric anhydride was used and the 
resultant product (lignin-B) was found to be completely soluble in oil up to 15 wt %.  
The lignin-B was demonstrated to be good surfactant with strong interfacial 
activity between oil-water interfaces. Stable water-in-oil emulsion was prepared with 
lignin-B as emulsifier. The significant reduction in the interfacial tension at W/O 
interface through both steric and electrokinetic stabilization contribute to the W/O 
emulsion stability up to 30 days. This suggests lignin-B has promising potential to be 









LIGNIN-POLYMER COMPOSITES FOAMS THROUGH HIGH INTERNAL 
PHASE EMULSION POLYMERIZATION 
 
5.1 Introduction 
With the increasing attention toward ―green‖ biocomposites material, the incorporation of 
renewable materials as fillers and substitutions has attracted strong interest to promote 
sustainability for the existing plastic industry and to save the limited reserves of fossil 
fuel resources.
210
 Lignin, as the second most abundant natural components accounting for 
20−30% of wood by weight
211
, is often used by combustion for heating directly or even 
disposed as industrial waste in the previous decades.
212
 Therefore, the utilization of lignin 
as value-added products in different areas of industries has recently attracted significant 
attentions, including the preparation of lignin-polymer composites.
126, 213-215
 
Raw kraft lignin is immiscible with most monomers and polymers. Its molecules 
tend to aggregate as a result of strong intermolecular hydrogen bonds caused by the 
presence ofa large amount of hydroxyl groups.This often hinders the utilization of lignin 
for some industrial applications.
128, 216
Nevertheless, these functional groups could 




Polystyrene and its derivatives, as one of the commodity polyolefins, have been 
widely used in the global market as the matrix resin to fabricate molded sheets or foams. 
Its low production cost and some desirable attributes make it economically un-feasible to 
fully replace this synthetic polymers with emerging biodegradable polymers, such as 
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poly(lactic acid). Alternatively, the utilization of low-cost, renewable materials has been 
promoted to alleviate the sustainability issue by helping to conserve the petrochemicals 
usage. Efforts on understanding the utility of lignin within a polymer matrix allow the 
practical realization of industrial lignin as sustainable filler for the plastic manufacturers. 
Aside from inducing partial biodegradability, the incorporation of lignin in composite 
fabrication could facilitate reinforcement impact. The increase in the modulus of lignin-
based thermoplastics, in particularpoly(lactic acid) and polyurethane, has been previously 
reported.
125, 128, 217
 In addition, the high aromatic structure of lignin is capable of yielding 
high char upon heating. The presence of char residue could reduce the combustion rate of 
the polymeric materials as it suppresses the diffusion of heat and oxygen.
218-220
 As a 
result, the addition of lignin in the polymer matrix could also be beneficial acting as a 
flame retardant additive. 
As one of the most common colloidal systems, foams are widely used in different 
applications, such as pharmaceutical formulations, food packaging, water purification and 
water-oil separation. In rigid foam industry, lignin has also been successfully used as a 
feedstock material to generate lignin-based polyurethane foams. Literature has reported 
an excellent dimensional stability of the close-cell structures.
221, 222
 Emulsion-derived 
foam is another type of porous polymeric materials that offer open-cell structures. The 
high internal phase emulsions (HIPE) can trap more oils and thus form more porous 
structure after curing.
223
 The formation of such structures is originated by solidifying the 
continuous phase of the emulsion.
224
 The characteristics of low density with a very high 
porosity up to 98% can be easily achieved by polymerized high internal phase emulsions 
(HIPE) polymerization with more than 74 vol % dispersed phase.
225, 226
 Potential use of 
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these materials includes filter media
227
, ion exchange modules
228
, and catalysis support
229
. 
Most common HIPEs are based on styrene/DVB formulation and utilize 5-50 vol.% of a 
suitable non-ionic surfactant.
225
 Alternative synthesis strategies have also been 
extensively investigated to yield different foam properties. However, to the best of 
authors‘ knowledge, the fabrication of lignin-based emulsion-derived composite foams 
has not been fully disclosed.  
 Herein, we described an effective route to prepare lignin-based polystyrene 
composites porous structures with enhanced mechanical properties. The work revolved 
around functionalization of lignin and investigated the effects of modified lignin on the 
mechanical, thermal, and dimensional stability properties of the composites. The 
mechanism of modified lignin as renewable fillers in the composite system is also 
discussed in this paper. 
 
5.2 Experiments and method 
5.2.1 Materials 
 Kraft lignin (lignin, alkali) was obtained from Sigma-Aldrich and used as 
received. Butyric anhydride (98%), 1-Methylimidazole (1-MIM) and Dimethyl sulfoxide-
d6 (DMSO-d6, 99.5%, a solvent of lignin for NMR experiments) were purchased from 
Alfa Aesar. Anhydrous ethyl ether was purchased from J.T. Baker. Cyclohexane was 
provided by BDH. Hexane was obtained from EMD Millipore. Styrene (inhibited by 4-
tert-butylcatechol, 99%) was purchased from Alfa Aesar and used after purification 
through an alumina column. 1,4-Dioxane (stabilized with BHT, >99.0%) was supplied by 
TCI America. Divinylbenzene (DVB, 55%, a crosslinking agent), 2,2‘-Azobis(2-
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methylpropionitrile) (AIBN, 98%), Sorbitanmonooleate (Span
®
 80) and anhydrous 
Calcium chloride (CaCl2) were purchased from Sigma-Aldrich. 
 
5.2.2 Lignin modification 
 Lignin modification was carried out with a reaction between lignin and butyric 
anhydride, which is similar as we described in Chapter IV. 
 
5.2.3 Hansen Solubility Parameter Modeling 
Hansen solubility parameter (HSP), which is widely applied to describe the 
thermodynamic behavior of polymers, was used to investigate the compatibility between 
lignin and styrene or polystyrene. In this theory, the solubility parameter (δ) of one 
component was separated into three different contributions
230-232
: the nonpolar dispersion 
interactions (δD), permanent dipole-permanent dipole interactions (δP) and the hydrogen 
bonding interactions (δH) and can be expressed as: 
   (  )
  (  )
  (  )
           (1) 
 Solubility properties of one component can be visualized through HSP solubility 
sphere in a three-dimensional coordinate system with axes δD, δP and δH. The center of 
the solubility sphere of a solute (lignin herein) is its HSP factors (δD,1, δP,1 and δH,1) and 
the radius (Ro) is the maximum difference in affinity with solvent. The coordinates of 
goodsolvents are within the sphere while bad ones are outside of it. To quantitatively 
determine the miscibility of two components, the relative energy difference (RED) will 
be calculated as: 
    
  
  
          (2) 
73 
 
where, Ro is the radius of solute HSP solubility sphere; Ra is the modified difference 
between solute and solvent, which can be calculated as:  
(  )
   (         )
  (         )
  (         )
           (3) 
The subscript 1 is for the solute (lignin) and 2isfor the solvent. The value of RED is less 
than 1 for good solvents and greater than 1 for badsolvents. 
 
5.2.4 Preparation of PS-lignin composites 
5.2.4.1 Preparation of PS-lignin film through bulk polymerization 
9.371 grams of styrene was mixed with 7.809 grams of divinylbenzene (DVB, 54%) to 
form the monomer mixture. A certain amount of modified lignin was added to monomer 
mixture in the ratio of 0 (L0‘), 2 wt % (L2‘), 5 wt % (L5‘), 8 wt % (L8‘), 10 wt % (L10‘), 
and 15 wt % (L15‘) under stirring to form homogeneous solution. 5 grams of the 
monomer solution was addedto an aluminum dish containing 0.05 grams of AIBN. Then 
the aluminum dish was sealed with aluminum foil and kept at 70 
o
C for 48 hrs. 
 
5.2.4.2 Preparation of the porous foams through emulsion polymerization 
 Oil phase: 9.371 grams of styrene was mixed with 7.809 grams of divinylbenzene 
(DVB) to form the monomer mixture. A certain amount of modified lignin was added to 
monomer mixture in the ratio of 0 (L0), 2 wt % (L2), 5 wt % (L5), 8 wt % (L8), 10 wt % 
(L10), and 15 wt % (L15) under stirring to form homogeneous oil solution. Aqueous 
phase: 1.8 grams of CaCl2were dissolved in water (162 ml). Then the aqueous phase was 
purged with N2 for 30 min. In a specific polymerization run, 0.02 grams of AIBN and 0.4 
grams of Span-80 were added into 2 grams of oil solution in a 100 mL vial. The porous 
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lignin-PS composites were prepared by oil-in-water (O/W) or inverse high-internal phase 
emulsion polymerization (i-HIPE) approach. Specifically, the aqueous solution (18 mL) 
was added dropwise for 30 min under mechanical stirring (400 rpm), during which 
process, the homogeneous emulsion was obtained. After complete addition of the 
aqueous phase, the as-prepared emulsion was transferred into a 15 mL plastic tube and a 
vortex mixer was used to make the mixture more uniform. The emulsion was 
polymerized at 70 
o
C for 24 hours. After polymerization, the polyHIPE composite 
samples were washed with DI water and by Soxhlet extraction with methanol for 24 
hours, respectively. Finally, the resulting porous polyHIPE composites were dried at 60 
o
C for overnight. 
 
5.2.5 Characterization and mechanical properties tests 
The structures of lignin and polyHIPE were studied by Fourier Transform 
Infrared Spectroscopy (FTIR), Thermogravimetric analysis (TGA) and 
1
H NMR. The 
methods and equipments are described in Chapter IV. 
X-ray photoelectron spectroscopy (XPS) was used to analyze the binding energy 
of C and O elements in lignin, which was carried out through a Thermo K-Alpha 
instrument equipped with a monochromatic AlKα radiation at 1486.6 eV X-ray source. A 
low energy flood gun was applied to perform the charge neutralization. Cu substrates 
were used to support the samples. The spectra were calibrated with a binding energy of 
284.8 eV for C 1s. 
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The morphology of the polyHIPE composites was imaged by LEO 1530 
thermally assisted field emission scanning electron microscope (SEM). All samples were 
gold-sputtered for 60 s before SEM. 
The liquid absorption capacity of porous composites was examined by solvent 
immersion. Specifically, initial mass of dry composite (m0) was recorded and immersed 
in 50 mL of solvent for 1 min. The solvent-saturatedporous composite was removed and 
excess liquid on the surface was blotted using blotting paper. Mass of wet composite 










The thermomechanical properties were tested on a DMA Q800 (TA Instruments) 
using single cantilever mode. Rectangular specimens measuring about 30 mm × 6mm × 
1.5 mm were used. All runs were performed in a ‗‗multi-frequency-strain‘‘ mode at 1 Hz, 
amplitude of 10 um, and a scan rate of 3 
o
C/min from 20 °C to 200 °C under 
N2atmosphere. 
Uniaxial tensile tests were performed to evaluate the mechanical properties the 
lignin-polystyrene composites. The rectangular samples with a dimension of about 30 
mm × 6 mm × 1.5 mm were tested on an MTS (Model Insight 10, Thermcraft, U.S.) 
Universal Materials Testing Machine with a load capacity of 10 kN at room-temperature. 
The tensile rate was 1 mm/min for all cases. 
Compression tests of polyHIPE composites were performed using Instron 5566 
equipped with a 10kN load cell. Cylindrical samples were compressed with a speed of 1 




5.3 Results and discussion 
5.3.1 Lignin modification and characterization 
Commercial kraft lignin is immiscible with most monomers and polymers because of the 
aggregation caused by the intermolecular hydrogen bonding, π−π stacking of benzene 
rings as well as Van der Waals interactions.
128, 216
 Lignin is supposed to react with 
anhydride easily since it contains a large amount of hydroxyl groups, which offers an 
effective solution to improving lignin solubility in monomers and polymers. The 
modification reaction used herein was carried out between kraft lignin and butyric 
anhydride, where esterification occurred at 70 
o
C in N2 atmosphere with 1-MIM as a 
catalyst.  































































Figure 5.1 Characterizations for both original lignin and modified lignin: (a) FTIR; (b) 
1
H 
NMR; (c) TGA; (d) XPS survey; (e) C 1s scans; (f) C 1s scans. 
 
FTIR was used to investigate the structure of lignins before and after 
modification. As shown in Figure 5.1(A), the characterized peaks on raw kraft lignin is a 
broad band at 3450 cm
-1
 for O-H and a peak at 2935 cm
-1
 for the vibration of methoxyl 
groups.
50
 Besides, peaks at 1615 and 1514 cm
-1 
were assigned to the C-C stretching of 
aromatic rings in lignin.
51
 In the spectrum of original lignin, the peak representing the 
stretching of unconjugated carbonyls (C=O)
194, 233
 is at 1710 cm
-1
 while this peak shifted 
to 1740 cm
-1 
in the spectrum of modified lignin. This was caused by the formation of 
ester groups (O-C=O) during the modification process. Furthermore, compared with raw 
lignin, the widebrand in the range of 3000-3700 cm
-1
 disappeared in the modified lignin, 
which suggested the conversion of most hydroxyl groups. The difference between FTIR 
spectra provides the evidence of successful chemical modification on lignin. 
Furthermore, the structure of lignin was studied by 
1
H NMR spectra, as shown in Figure 
5.1(B). In the spectrum of raw lignin, peaks at 8.0-9.4 ppm, 6.3-7.7 ppm, 3.81 ppm and 0-
2.0 ppmare assigned to protons in hydroxyl groups, aromatic rings, methoxyl groups and 
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hydrocarbon chains (-CH3, -CH2), respectively.
60, 61, 234, 235
In the spectrum of modified 
lignin, the peak at ~9 ppm disappeared, indicating the removal of –OH groups, while the 
relative strength of peaks in the range of 0-2.0 ppm increases significantly, attributed to 
the increasing content of hydrocarbons (-CH2-, -CH3)
51
. Figure 1(C) shows the TGA 
curves of raw lignin and modified lignin, and both of them started the decomposition at 
300 
o
C and ended at 450 
o
C. The ash content of butyrated lignin was less than that of raw 
lignin, which was caused by the grafting of butyl components. The survey of XPS 
spectrum of lignin (Figure 5.1 (c)) exhibits the presence of C 1s and O 1s at around 286 
and 534 eV, respectively. To further investigate the chemical valences of carbon in 
lignin, the XPS C 1s curve is deconvoluted into three peaks of C-C (at 284.95 eV), C-O 
(at 286.68 eV) and C=O (at 288.88 eV)
236-239
 and the percentage of each carbon type is 
50%, 40% and 10% for raw lignin. For the butyrated lignin, the percentage changes to 
64%, 26%, and 11%, respectively. In the process of lignin modification, the amount of C-
O kept constant and therefore, the relatively increasing of C-C and C=O intensities 
demonstrates the successful grafting. The XPS spectra of O 1s further confirm the 
expected structure of modified lignin, as shown in Figure 5.9 (appendix). 
 
5.3.2 Hansen Solubility Parameter (HSP) Modeling 
The chemical modification process is expected to improve the lignin-organic 
compatibility by converting hydrophilic hydroxyl groups into lipophilic ester groups. In 
contrast to the commercial kraft lignin, the modified lignin is demonstrated to be soluble 
in styrene monomer experimentally, as shown in Figure 5.10 (appendix). In order to 
further confirm the solubility and predict the compatibility of lignin and polystyrene, 
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HSP theory was used to investigate the thermodynamic behavior with lignin as solute and 
styrene/polystyrene as a solvent. The HSP factors of different compounds (kraft lignin, 
modified lignin, styrene, and polystyrene) were from literature
51, 230
 and listed in Table 
5.1 and 13.7 MPa
-0.5
is generally used as Ro for different kinds of lignin
230, 236, 240, 241
. 
 











Kraft lignin 16.7 13.7 11.7 24.57 
Modified lignin 16.4 11.1 9.3 21.88 
Polystyrene 21.3 5.8 4.3 22.49 
Styrene  18.6 1 4.1 19.07 
 




Ra RED Ra RED 
Kraft lignin 14.21 1.04 15.28 1.12 





Figure 5.2 Solubility spheres for unmodified lignin (a) and modified lignin (b) 
 
 The RED and Ra values were calculated through Equation (2) and Equation (3), 
respectively and listed in Table 5.2. In the case of kraft lignin, RED=1.04 when 
polystyrene is used as solvent and RED=1.12 when styrene monomer is used as a solvent, 
suggesting that both polystyrene and styrene monomer are not goodsolvents. However, in 
the case of modified lignin, RED=0.89 when either styrene or polystyrene is used as a 
solvent, which indicates that the modified lignin can dissolve completely in both 
polystyrene and styrene, theoretically according to the HSP model. The visualized plots 
of solubility spheres in a 3D diagram for kraft lignin and modified lignin are presented in 
Figure 5.2, showing that both the coordinates of styrene and polystyrene are out of the 
kraft lignin solubility sphere while they are within the affinity sphere for modified lignin. 
The solubility difference is caused by a combination of a reduction in hydrogen bonding 
interactions (δH) and a reduction in polar forces (δP). Therefore, according to the results 
of HSP theory, we can expect that lignin and polystyrene are mixed homogeneously at 









5.3.3 Preparation of lignin-polymer HIPEs foam 
 
 
Figure 5.3 Schematic of the preparation process of lignin/polymer foam through HIPEs 
 
The porous polyHIPE composites were prepared through reverse emulsion 
polymerization approach, as shown in Figure 5.3. Typically, a certain amount of as-
modified lignin sample was dissolved in styrene containing the cross-linker and 
stabilizer. The homogeneous emulsion was prepared by adding aqueous solution 
dropwise into monomer mixture under mechanical stirring (300 rpm). Then the emulsion 
was transferred into an oven at 70 
o
C and kept for 24 h in order to let the monomer be 
polymerized completely. The final products were obtained after washing and drying.  
 The chemical structure of the foams is investigated by FTIR, as shown in Figure 
5.4 (a). In the spectrum of Sample-L0, bands at 1600, 1489, 1450 cm
-1
 are assigned to the 
stretching of the aromatic C=C; bands at 756 and 700 cm
-1
 are assigned to the substituted 
phenyl rings
244
; bands at 3021 and 2918 cm
-1
 are assigned to the C-H stretching in 
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aromatic and aliphatic structure; bands at 1024 and 900 cm
-1
 are assigned to the C-H in-
plane and out-of-plane bending.
245
 Compared with the pure PS sample, the spectra of 
lignin-PS samples have two special peaks – the peak at 1173 cm
-1
 is for the butyrated 
group
51
; another peak at 1740 cm
-1
 is for the ester structure (O-C=O). These two peaks 
can be used to characterize lignin in the composites, and the intensities of these peaks 
increase with the increasing of lignin content as expected. Figure 5.4 (b) illustrates the 
TGA curves of both pure PS and lignin-PS composites, and they show similar 
decomposition profiles where the dominant decomposition range is in 300 – 400 
o
C. 
However, the char yield of the lignin-PS composites increases with the increasing of 
lignin content, which is resulted from the high content of aromatic components in lignin. 
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Figure 5.4 FTIR (a) and TGA (b) for lignin/polymer foams with different lignin contents 
 
The effect of lignin concentration on the morphology and properties of polyHIPE 
composites was evaluated, as shown in Figure 5.5. The SEM image of the polyHIPE 
composite with lignin content up to 10 wt% shows open porous bimodal morphology, a 
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typical polyHIPE porous structure. The SEM image analysis demonstrated pore sizes in 
the range of 15-30 µm and 2-6 µm, while the pore wall thickness of the porous structure 
varied between 1-2 µm. For 15 wt% lignin composition, the unstable morphology of the 
polyHIPE is observed, which indicated the presence of excessive lignin significantly 
increased the number of coalesced pore. The changes in surface area, however, have little 
effect on the bulk liquid absorption capacity. As the porosity and density of the polyHIPE 
composite remain relatively constant at 90% and 72 mg/mL, respectively, the liquid 
absorption capacities for all samples are relatively similar, as indicated in Figure 5.6 (a). 
For hexane with the liquid density of 0.65 g/mL, the average absorption capacity of the 
porous samples was 12.5 mL/g. In addition, a higher average absorption capacity of 13.5 
mL/g was obtained for dioxane with the liquid density of 1.03 g/mL. In contrast to the 
liquid absorption capacity, the change in pore formation affected the mechanical 
properties of the polyHIPE samples. PS-lignin polyHIPE composites up to 10 wt% lignin 
content lead to the enhanced compression modulus. Up to 62% improvement in the 
modulus was obtained, as depicted by polyHIPE composite with 5 wt% lignin content in 
Figure 5.6 (b). It is expected that the combination of lower pore size (as well as pore wall 
thickness) and the reinforcement of lignin in the composites would lead to the optimal 





Figure5.5 Photos and SEM images for sample-L0 (a) and sample-L10 (b) 
 





















































































Figure5.6 (a) Absorption capabilities of lignin/polymer foams on hexane and dioxane; (b) 
compressive modulus and densities of lignin/polymer foams.
 
 
5.3.4 Preparation of lignin-PS composites through bulk polymerization 
In order to investigate the mechanical properties of the bulk materials of the as-prepared 





different lignin content, as shown in Figure 5.11 (appendix). The color of the composites 
became more yellow with the increasing of lignin content. The chemical structure and 
thermal properties of the as-prepared composites were confirmed by FTIR and TGA, as 
shown in Figure 5.12 (appendix), which are very similar as that of polyHIPE foams. 
 The thermomechanical performance of composites was tested with dynamic 
mechanical analysis (DMA). Three regions are observed in the storage modulus (E‘) 
curve as a function of temperature: glassy region where relatively stable E‘ is presented at 
a temperature below Tg, viscoelastic region where a noticeable decrease in E‘ is observed 
with increasing temperature, and rubbery region where a relatively slow decreasing E‘ is 
detected above Tg (Figure 5.13, appendix). Comparing to the neat PS, the composites 
shows more significant drop of E‘ in the viscoelastic region, which is associated with the 
addition of amorphous lignin content. The presence of lignin also caused a noticeable 
increase in the absolute value of glassy storage modulus. This increase can be related to 
the reinforcing effect of lignin.  
 The glass transition temperature (Tg) of the as-prepared composites is also 
determined by DMA. DMA results (Figure 5.7a) show that the Tg of sample-L0 is 116.8 
o
C and it decreases slightly as the lignin content increases. When the lignin content 
reaches 15 wt % (Sample-L15), the corresponding Tg is 101.5 
o
C. However, comparing 




 which is due to the 
restriction of molecular thermal mobility caused by the condensed rigid phenolic moieties 
and hydrogen bonding interactions.
128
 The drop in Tg may be due to the enhanced free 
volume with lignin acting as polymeric plasticizers
128
. Moreover, in the polymer matrix, 





. The latter reason plays the dominant role for the PS/lignin composites. Thus Tg 
show some decreases with lignin content for the composites. Despite of this, the 
incorporation of lignin into the polymer composites didn‘t affect Tg significantly. 
 Satoshi et al.
248
 showed that lignin had Young‘s modulus of 4570 MPa, which is 
higher than that of polystyrene. It is noted that the polystyrene and composites here show 
relative lower modulus value partially due to incomplete reaction conversion. However, 
the result can still be useful for comparison analysis. From the experimental results of the 
tensile test, Young‘s modulus and tensile strength of the composites increased with the 
increasing of lignin content. For lignin content of 15 wt %, Young‘s modulus is 1391 
MPa, which doubles that of Sample-L0 (Figure 5.7b). The experimental results of 
Young‘s modulus are compared with the calculated values by the rule of mixture, as 
shown in Table 3. For all the lignin-polymer composites, the experimental modulus 
values are positively derived from the calculated modulus by around 100 MPa, 
suggesting a synergistic effect on the composites toughness reinforcement by lignin 
which may be resulted from the inherent stiffness of lignin as well as the interfacial 
interaction between lignin and polymer molecules.
128
 From the results and discussion 
above, it wasdemonstrated that the addition of lignin into the polymer matrix will 
enhance the Young‘s modulus and tensile strength without significantly sacrifice the 
thermomechanical properties. 
 
Table 5.3 Experimental and calculated Young‘s modulus of lignin/polymer composites 
 
L0 L2 L5 L8 L10 L15 
Experimental 697 911 976 1106 1193 1391 
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Calculated 697 773 887 1001 1077 1267 
Δ 0 138 89 105 116 124 
 

































































Figure 5.7 (a) Glass transition temperatures for lignin/polymer composites; (b) effects of 
lignin on Young‘s modulus and stress of lignin/polymer composites. 
 
5.4 Conclusion 
For the first time, the lignin-based emulsion-derived polymer composites foams were 
fabricated successfully. Lignin was demonstrated to be good substitution of traditional 
polymers in the form of both bulk composites and micro-sized porous foams. The 
miscibility of lignin with polymer was studied and predicted through Hansen solubility 
parameters model. The effects of lignin on the mechanical, thermal and structural 
properties of the composites were investigated. It was discovered that the addition of a 
certain amount of lignin would improve the modulus of the composites in both bulk and 
porous status. With this process described herein, lignin shows great potential to prepare 





O 1s scan for original lignin and modified lignin 





















Figure 5.8 O 1s scan from XPS for original lignin and modified lignin 
 
Photos of lignin in styrene 
Original lignin cannot dissolve in styrene monomer. The modified lignin has a relatively 
large solubility in styrene monomer. 
  
Figure 5.9 Photos of lignin in styrene: original lignin (left) and modified lignin (right) 
 




Figure 5.10 SEM images for sample L15 
 
Lignin/polymer composites through bulk polymerization 
 
Figure 5.11 Photos of lignin/polymer composites through bulk polymerization with 
different lignin content, eg. L0-pure polymer without lignin; L1-lignin content is 1 wt %. 
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Figure 5.12 FTIR (left) and TGA (right) for lignin/polymer composites 
 
Mechanical tests of lignin/polymer composites through bulk polymerization 
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Figure 5.13 Mechanical tests results of lignin/polymer composites through bulk 
polymerization: (a) storage modulus by DMA; (b) loss modulus by DMA; (c) Tan δ by 
DMA; (d) Stress-strain curve by tensile test 
 
 
Rule of mixture: 
Ec = Epolymer * Vpolymer + Elignin * Vlignin 
Where, Ec is the modulus of the composites, Epolymer and Elignin are the modulus of neat 
polymer and lignin , respectively. Vpolymer and Vlignin are the volume fractions of polymer 

















NOVEL LOW TEMPERATURE LIGNIN DEGRADATION TO AROMATIC 
COMPOUNDS WITH A REDOX COUPLE CATALYST 
 
6.1 Introduction 
Lignin, a heterogeneous alkyl-aromatic biopolymer has received great consideration as a 
sustainable source for bio-based chemicals which are presently obtained from fossil-
based feedstock.
61, 249, 250
 It is found in cell walls of plants with a weight content of 15 to 
40%. In plant cell walls lignin plays role for defense, structure, and water transport. The 
high aromatic nature makes lignin as one of the few natural large-scale sources for 
production of aromatic compounds and its extraction from lignin is recognized as crucial 
aspect to the economic sustainability of integrated biorefineries. Among the 
lignocellulose components cellulose and hemicellulose are converted to fuels and 
chemicals whereas, lignin treated as waste product and used to produce heat and power in 
paper and pulp industries. Lignin into value added products has yet to get its goal to 
successful valorization of lignin. 
 Several methods have been reported for lignin depolymerization, such as 
hydrolysis, reduction and oxidation. In hydrolysis alkali hydroxides and carbonates in 
water are used as a catalyst to break C-O-C bonds to give phenols. Depolymerization 
occurs in hydrothermal conditions at high temperature (453-673K) and forms different 
products or intermediates and chars as by-product which makes the process more 
complicated for further processing.
251-254
 In contrast to hydrolysis, reductive and 
oxidative depolymerization are more attractive since it can depolymerize lignin at 
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relatively mild reaction conditions.
255
 In presence of H2 (hydrogenation) or hydrogen 
sources (hydrogenolysis) lignin converts to aromatics by selective cleavage of C-O-C 
bonds. Homogeneous mild hydrogenolysis to break C-O bonds using Ni, Fe, and Ru 
complex as been reported in literature. Heterogeneous reductive processes have also been 
investigated for lignin depolymerization. Qi et al. recently reported catalytic 
hydrogenolysis of kraft lignin in alkali water by Ni on ZSM-5 zeolite with 91% yield to 
nine monomers.
256
 Addition of noble metals such as Au and Ru to Ni enhances the ability 
to break C–O bonds in lignin.
257









 also reported to have efficiency in catalytic hydrogenolysis of lignin into phenols. 
Despite the promising effects of catalytic systems for reductive depolymerization of 
lignin, the yields of monomeric phenols are still low. Moreover, the use of hydrogen or 
hydrogen sources is expensive and the process is complicated.  
 Selective oxidative depolymerization is also a good choice to achieve the goal of 
aromatics from lignin at mild reaction conditions. In general, the goal of oxidative lignin 
depolymerization is to produce polyfunctional aromatic compounds using metal oxides, 
molecular oxygen, or hydrogen peroxide as the oxidant. Rare earth metal oxides like 
CeO2 and LaFe1−xCuxO3 (x = 0, 0.1 and 0.2) oxidative catalysts were used to convert 
alkaline lignin to vanillin and syringaldehyde.
156, 263
  Synthesis of vanillin from lignin by 
oxidation is one of the dominated factors to venture oxidative depolymerization 
strategies
264
. Different salts of Fe, V, Co, Cu and Au, as a homogeneous oxidative 
catalyst were used by Cui et al. for oxidation of lignin and model compounds to 
aromatics.
265
 Homogeneous and metal free oxidation methods using TEMPO/HNO3based 
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lignin depolymerization to low molecular mass aromatics from aspen lignin with C-C 





 has been reported to be effective to interrupt the ether and ester bonds in 
lignin and carbohydrate and to promote the biomass pretreatment process in the 
biorefinery area.
266-268










with oxygen due to the low oxygen solubility in water and the poor overall reaction 
kinetics. To overcome this challenge, NaNO3 is added as the oxygen vehicle, where NO
3+
 




 in the aqueous phase and the as-reduced product NO is 
easily re-oxidized in the gas phase by oxygen. Thus the overall degradation rate will be 
promoted. To the best of our knowledge, this concept has not been used till now for 
oxidative lignin degradation to produce low molecular weight phenolic compounds.  
 
6.2 Materials and Methods 
6.2.1 Materials 
Kraft lignin for the study was purchased from Sigma Aldrich. Ferric chloride and sodium 
nitrate for pretreatment were purchased form Sigma Aldrich, Chemicals used for all the 
studies were of analytical reagent grade.  
 
6.2.2 Depolymerization of kraft lignin 
The depolymerization experiments were carried out by using the redox couple in a 
laboratory scale Parr reactor with a total volume of 50 ml. The lignin mixed with 20 ml 
deionized water with 1-4 wt% of FeCl3/NaNO3 at 700-150 
o
C in 10 bar of O2atmospheres 
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with constant stirring (200 rpm) for 30-120 min. The reaction mixtures were initially 
heated with a heating rate of ~5
o
C/min to set the temperature and kept stirring until 
completion of the reaction time. After the reaction, cooled the reactor in tap water 
immediately and filtered to separate the sold part. Washed solids were analyzed for 
different changes after depolymerization by SEM, FTIR, XPS, 
13
C-NMR and TG analysis.  
The lignin fragments in liquid were collected for further analysis in HPLC. The 
monomers formed during depolymerization were identified by GC-MS-FID. The 
quantification of monomers was determined with HPLC. In addition, GPC analysis was 
performed to confirm lignin depolymerization by determining molecular weights. 
 The residual solid after the depolymerization consists of the catalyst, 
unconverted/repolymerized lignin and the char (solid residue). The amount of individual 
products (wt%) were calculated on the basis of the calculation of peak areas of HPLC 
chromatogram comparing with the authentic standards using calibration curves. The 
lignin conversion, product yield, residue and mass balances were calculated on the basis 
of initial kraft lignin taken as equations
50
: 
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where w0 is the weight of lignin substrate before reaction;  




6.2.3 Characterization of lignin samples 
Analytical HPLC was performed with a Zorbax 300SB-C18 column, 150 mm x 4.6 mm, 
5 μm; flow = 0.4 mL/min; eluents H2O (A) (0.1% TFA), MeCN (B) (0.1% TFA). A 
gradient method was used in which the percentage of B was allowed to increase from 0 % 
to 10 % in 1 minute, from 10 % to 20 % over 20 minutes, then 20 % to 100 % over next 
14 minutes. The column was finally equilibrated back to 0 % B and washed thoroughly 
between sample injections. Peaks in the range of 15-27.4 min represent the mono-




 FTIR and TGA were carried out as described in Chapter IV. 
 To analyze the chemical elements of the depolymerized lignin surfaces and their 
binding energies X-ray photoelectron spectroscopy (XPS) was used.  The analysis was 
carried out in a Thermo K-Alpha instrument equipped with a monochromatic AlKα 
radiation at 1486.6 eV X-ray source. The charge neutralization was performed by using a 
low energy flood gun and Cu substrates were used to support the samples. All binding 
energies for the spectra were calibrated with a binding energy of 284.8 eV of C 1s. 
 
6.3 Results and discussions 
6.3.1 Mechanism of lignin degradation by FeCl3/NaNO3/O2 
FeCl3 is a commonly used oxidative agent, which is demonstrated to be effective for 
biomass degradation.
269
 However, when Fe
3+
 is reduced into Fe
2+
 in the aqueous media, it 
is very difficult to re-oxidize Fe
2+
 back to Fe
3+
 by oxygen gas due to the low oxygen 
solubility in water and slow reaction kinetics at the gas-liquid interface. To overcome this 
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problem, NaNO3was added into the catalyst system. It is well known that NO
3-
 ion is in 




 easily and quickly. More 
importantly, when reduced, NO
3-
 ions are converted into NO gas which can be miscible 
with oxygen in the gaseous phase and be-oxidized by oxygen more fast. So the addition 
of NaNO3 is supposed to increase the re-oxidation rate of Fe
2+
 and then increase the 
overall lignin degradation rate.  
 As shown in Figure 6.1, briefly, in the lignin degradation process, Fe
3+ 
oxidizes 
lignin at 100 
o
C in presence of O2 while Fe
3+ 
is reduced to Fe
2+
 as shown in equation 1. 




 ion from NaNO3 oxidizes Fe
2+
 in 
presence of proton to Fe
3+
with the formation of NO gas as shown in equation 2. Further 
NO is oxidized to NO2 and then to NO3
-
by O2 as shown in equation 3 & 4. NO3
-
 ions can 
dissolve back to the aqueous solution quickly to oxidize newly formed Fe
2+
. Therefore, 
the overall reaction of the depolymerization process is the oxidation of kraft lignin by 






Figure 6.1 Schematic of lignin degradation into aromatics (above) and the mechanism of 
FeCl3/NaNO3/O2catalyst 
 
6.3.2 Monomer yield and analysis after lignin degradation 
The catalytic depolymerization reactions were carried out using the FeCl3/NaNO3/O2 
system and the results are presented in Table 6.1. In G1, the effects of different catalytic 
system were compared and it clearly shows the advantage of the combination of 
FeCl3/NaNO3/O2 on the reaction rate. The lignin soluble fraction was much higher when 
FeCl3/NaNO3/O2 was used as catalyst compared with other catalytic system, including 
FeCl3/O2, NaNO3/O2and FeCl3/NaNO3. Besides, the soluble fraction increased as the 
reaction time extended. Specifically, the soluble fraction of lignin based on the amount of 
substrate weight left after filtration was from 25.3 % to 100% based on the varying 
experimental conditions. The soluble fraction for the system having water as solvent was 
maximum (89.5%) as compared to methanol as solvent (82.3%) at 100 
o
C for 4h. 
Complete dissolving of lignin was observed for the system for 4h at 160 
o
C.  
 The formation of individual compounds during lignin depolymerization can be 
seen from the HPLC chromatogram as shown in Figure 6.2. The standard chromatograms 
for six standards are shown in Figure 6.7 of appendix. The overall quantification for the 
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major compound obtained during the depolymerization is summarized in Table 6.2. In the 
case of methanol mediated depolymerization the major product obtained was vanillic acid 
along with syringic acid and vanillin upto 120 min of the reaction. For a longer time of 
reaction at 240 min only vanillic acid was observed with 5.2 wt% of initial amount of 
lignin. In water mediated depolymerization the conversion based on the lignin residue 
was more but the formation of monomers is less as compared to the methanol mediated 
depolymerization. This may be explained with the concept that methanol resists the re-
condensation of monomers formed during the reaction. In case of water mediated 
reaction, two major peaks at 18 min and 20 min confirms the formation of vanillic acid 
and syringic acid at specified conditions. The broad peaks at around 35-40 min range are 
due to the dimeric or trimeric compounds during depolymerization. These peaks are very 
negligible when water was the solvent. 
 




















Figure 6.2 HPLC chromatograms of the compounds in the solutions after degradation: (a) 




Table 6.1 Lignin conversion by using FeCl3/NaNO3/O2system 
 
Catalysts Solvent Time (hours) Temperature (
o
C) Conversion (%) 
G 1: 
NaNO3/O2 DI water 2 100 40.13 
FeCl3/O2 DI water 2 100 59.75 
FeCl3/NaNO3 DI water 2 100 54.46 
FeCl3/NaNO3/O2 DI water 2 100 79.15 
G 2: 
FeCl3/NaNO3/O2 DI water 0.5 100 26.7 
FeCl3/NaNO3/O2 DI water 1 100 31.4 
FeCl3/NaNO3/O2 DI water 2 100 79.15 
FeCl3/NaNO3/O2 DI water 4 100 89.5 
G 3: 
FeCl3/NaNO3/O2 Methanol 0.5 100 25.25 
FeCl3/NaNO3/O3 Methanol 1 100 38.15 
FeCl3/NaNO3/O4 Methanol 2 100 70.55 
FeCl3/NaNO3/O5 Methanol 4 100 82.3 
 






30 min 60 min 120 min 240 min 30 min 60 min 120 min 240 min 
Vanillic acid 5.11 5.25 7.26 10.47 2.32 1.41 0.44 0.26 
Syringic acid 1.24 1.25 0.62 - 2.95 1.45 0.43 0.41 
Vanillin 0.23 0.33 0.25 - 0.38 0.31 0.22 0.27 
Total 6.58 6.82 8.12 10.47 5.65 3.17 1.08 0.94 




6.3.3 Characterization of solid residue after reaction 
Lignin and residue obtained after the reaction was characterized to evaluate the factors 
contributing to the depolymerization. The lignin residue was analyzed for molecular 
weight by dissolving it in dimethylformamide by using GPC. Figure 6.3 shows the GPC 
for raw lignin and solid residue and solution part after depolymerization at 100
o
C for 240 
min using FeCl3/NaNO3 catalyst. In both solid and solution fractions the number average 
molecular weight, Mn, decreases from 4774 to 2895 for solid residue and 2396 for liquid 
fractions respectively, indicating the depolymerization of lignin to lower fractions. 
Moreover, the retention time for the fractions after the reaction was increased as 
compared to raw lignin and more peaks were observed in case of solution part which may 
be attributed to the presence of more compounds formed from depolymerization reaction. 
Table 6.3 shows the molecular weights of raw lignin and lignin residue after 
depolymerization at different times in methanol and water mediated reactions. As the 
time increase the values of Mn, Mw and PDI value decrease, which is a clear indication of 
depolymerization with the reported catalyst system. The molecular weights of lignin are 
closely related to structural units present and their number of aryl ether bonds and C-C 
bonds between them.
28
 During the reaction, depolymerization of lignin breaks the α-O-





Table 6.3Molecular weights of raw lignin and lignin residue after depolymerization 
Solvent 
Sample Mn Mw PDI 




30 min 3562 8027 2.25 
60 min 3596 7594 2.11 
120 min 3018 6449 2.14 
240 min 2895 5988 2.07 
Water 
30 min 3931 5530 1.41 
60 min 3274 3990 1.22 
120 min 3529 4250 1.20 
240 min 3208 4047 1.26 
 















Figure6.3 Gel permeation chromatogram for raw lignin and solid residue and solution 




 The insight of molecular transformations can be visualized from FTIR spectra 
after depolymerization of kraft lignin as shown in Figure 6.4. The characteristics peaks 
for lignin in the range of 1100-1350 cm
-1
 for stretching vibrations of C-O and C-O-C 
bonds indicate the presence of –OCH3 and C-O-C bonds. The peaks for C–H deformation 
vibrations at 1454 cm
−1
 (–CH2–) and 1367 cm
−1
 (–CH3) were observed. The C–H 





 A prominent peak around 1726 cm
-1
 arises after depolymerization in methanol 
mediated depolymerization due to the formation of C=O bonds (ketone, aldehyde or 
carboxylic acid etc.) from –OH in α-carbon. The peaks at 1366 cm
-1
 due to –OH 
deformation vibration decreases in both methanol and water mediated depolymerization. 
The peaks ranges from 1030-1120 cm
-1
 are almost vanishes in both water and methanol 
mediated depolymerization at a specified conditions indicating the cleavage of C-O 
(methoxyl) and C-O-C (ether) bonds during the reaction. The removal of guiacol units 
from the kraft lignin was evident from the decrease in peak intensities of C-O and C-H at 
































Figure 6.4 FTIR spectra of solid residue after lignin degradation: (a) in methanol; (b) in 
water 
 
 The surface chemistry of the kraft lignin during depolymerization was observed 
by XPS analysis as shown in Figure 6.5. The XPS data obtained consist of elemental 
surface composition and O/C ratios. From the elemental analysis, only O and C were 
detected and there were no residual Fe left on the surface of lignin samples after 
depolymerization. Table 6.3 shows the elemental compositions at the surface of the 
original kraft lignin and lignin residue after the reaction. The elemental C decreases with 
the increase in reaction time while the elemental O increases with time.  The C/O ratios 
of the original kraft lignin and lignin residue after reaction decrease from 3.32 to 1.73 and 
2.04 for water and methanol mediated reactions. This decrease in O/C ratios may be due 
to the inputs of more oxygen in the oxidation reaction during depolymerization. 
 


















































Figure 6.5 XPS spectra of raw lignin and residues of water and methanol mediated 
depolymerization (a) XPS survey of lignin before and after depolymerization in water 
and methanol mediated system; (b) C 1s scan of raw lignin; (c) O 1s scan of raw lignin; 
(d) C1 scan of lignin residue of methanol mediated depolymerization for 120 min at 100 
o







Table 6.4.Comparison of the ratios of Carbon/oxygen of the raw kraft lignin and lignin 




30 min 60 min 120 min 30 min 60 min 240 min 
C 76.83 73.76 64.46 63.41 70.18 70.14 67.06 
O 23.17 26.24 35.54 36.59 29.82 29.86 32.94 
C/O 3.32 2.81 1.81 1.73 2.35 2.35 2.04 
 
 The Gaussian peaks were obtained through deconvolution of the C 1s and O 1s 
peaks and are shown in Figure 6.5 for original kraft lignin and lignin residue after the 
reaction. The chemical shifts for C ls in original kraft lignin into four categories C 1 (C–
C/C–H), C2 (C–O-C and C-OH) and C3 (C=O) whereas, for lignin residue one additional 
peak C4 (O-C=O) was seen. The binding energy around 284 eV centers for C1s peak and 
gradually increases from C1 to C4. The O1s peak for lignin residue after 
depolymerization splits into two categories as O 1(C=O), O2 (C–O).  The O1 is mainly 
due to oxygen in lignin while O1 and O2 were present in the pseudo lignin. After 
depolymerization, a general decreasing of C1 and an increasing of C2 to C3 along with 
new C4 were observed. The increase in C=O bonds and decrease in C-O bonds after 
depolymerization partially ascribed to -OH oxidation and cleavage of the β-O-4 linkages 
in lignin structure. The C-O and C=O bonds increased and C=C bond (or C-C) decreased 
after the depolymerization may also be assumed due to the oxidation of C-C (or C=C) 
bonds on the surface to C-O and C=O bonds by FeCl3/NaNO3. These formation of C=O 







































Figure 6.6(a) TGA curves of raw kraft lignin and lignin residue after degradation in 
methanol for 120 min at 100 
o
C; (b)(DTG) curves of raw kraft lignin and lignin residue in 





 In order to study the thermal properties of lignin before and after degradation by 
FeCl3/NaNO3/O2, TGA was carried out to examine lignin decomposition behavior in the 
temperature range upto 800 
o
C. The derivative thermogravimetry (DTG) curves of raw 




 are shown in Figure 6.6. 
From the thermogram, it is clear that the thermal stability of the residue and the solid 
residue content decreased after the degradation. This is attributed to the formation of low 
molecular weight compounds during the reaction. For raw kraft lignin a strong peak 
around 400 
o
C was obtained which is ascribed to primary pyrolysis as similar to earlier 
reports in literature
272, 273
. Lignin residue after methanol mediated depolymerization had 
broader shoulders and the decomposition temperature ranges shifted to a lower 
temperature (200 to 350 
o





implies lower thermal stability of depolymerized lignin residue than the raw kraft lignin. 
The alteration in degradation temperature indicates that molecular weight affects the 
thermal stability and chemical composition since some functional groups have been 






Lignin depolymerization with FeCl3/NaNO3/O2catalyst system in presence of molecular 
oxygen (10 bar, 100 
o
C) could effectively depolymerize kraft lignin into organic liquid 
monomers specially. The conversion yield of monomers are of (5 wt %) which is 
significantly higher than typical yields reported in the literature. Based on the results of 
this study, we demonstrated that the catalyst system effectively depolymerize lignin at a 
lower temperature as compared to the methods reported till now. 
 
6.5 Appendix 
Calibration curves for standard samples: 
Standard samples were dissolved in water and solutions with certain concentrations were 
prepared. Then Analytical HPLC was performed with a Zorbax 300SB-C18 column, 150 
mm x 4.6 mm, 5 μm; flow = 0.4 mL/min; eluents H2O (A) (0.1% TFA), MeCN (B) (0.1% 
TFA). A gradient method was used in which the percentage of B was allowed to increase 
from 0 % to 10 % in 1 minute, from 10 % to 20 % over 20 minutes, then 20 % to 100 % 
over next 14 minutes. The column was finally equilibrated back to 0 % B and washed 
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thoroughly between sample injections. Then the peak areas of different concentrations 
were calculated based on the HPLC chromatograms. 








































































       












































NOVEL LOW TEMPERATURE, LOW ENERGY AND HIGH EFFICIENCY 
PRETREATMENT TECHNOLOGY FOR LARGE WOOD CHIPS WITH A 
REDOX COUPLE CATALYST 
 
7.1 Introduction 
The diminution of fossil fuel, environmental issues of it and higher requirement for 
worldwide energy enhances the demand for alternative sustainable bioresources for liquid 
fuels and chemicals.
11
 Lignocellulosic biomass is one among the suitable and abundant 
feedstock recognized for producing mixed sugars for fermentation to biofuels and other 
biomaterials.275 Wood pellets are one of the commonly available lignocellulosic 
renewable energy materials for fuel.  The production of second generation biofuels from 
lignocellulosic sources is a major concern to industry and academia from the technology 
development perspectives. A typical lignocellulosic biomass has a rigid plant cell 
contains carbohydrate polymers called cellulose and hemicellulose with tightly bind 
aromatic polymer lignin. The polysaccharides present in wood which is a dominant 
lignocellulosic biomass depolymerized to produce corresponding monosaccharides such 
as glucose, xylose, mannose, etc by mild enzymatic hydrolysis than acid hydrolysis 
which further fermented to bioethanol.
276-279
 One of the major components of 
lignocellulose is cellulose and can be hydrolyzed enzymatically to glucose and then 
fermented to bioethanol. However, due to the complex structure of lignocellulosic 
materials cellulose is protected by lignin and hemicelluloses and enzymatic hydrolysis of 
native lignocelluloses is difficult. Biomass pretreatment is an important step towards the 
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accessibility of hydrolytic enzymes to cellulose for glucose conversion. An efficient 
pretreatment process disrupts the cell wall matrix and reduces the recalcitrance by 
reducing the size of the biomass, increasing the surface area, modifying the structure of 
biomass, removal of lignin, partial depolymerization of hemicellulose, and reduction of 
cellulose crystallinity, eliminates the inhibitory components and etc can be accomplished. 
These changes in the biomass improve the hydrolysis process to recover higher amounts 
of fermentable sugars.
280, 281
 The lignin present in the biomass specially in hard and 
softwoods determines the effectiveness of pretreatment since it presents in varying 
amounts with inter unit linkages. Lignin in softwood mainly contains G units with more 
C-C linkages and fewer C-O-C linkages than hardwood lignin which contains both S and 
G units. The sugar recovery is more challenging in softwood than hardwood as reported 
in many earlier works though the exact reasons for which are still not fully 
understood.
281-283 



















 etc. to remove or alter lignin and hemicellulose and to improve the enzymatic 
accessibility of the substrate. All physical and chemical methods reported so far suffers 
from low efficiency, high energy consumption and specially environmental hazards etc. 
Besides, the effectiveness of biomass pretreatment is dependent on several factors 
including the size of biomass and reduction in size thereby increases the surface area of 
biomass for enzymatic digestion and disruption of crystalline structure of cellulose. Most 
of the pretreatment methods reported for different biomass, uses raw material in grinded 
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form which consumes sustainable amount of energy thereby affects pretreatment 
economy. However, optimum particle size for pretreatment depends on the nature of 
biomass and methods used for it.
292-296
 It is highly desirable to pretreat large size biomass 
directly instead of grinding one to digestible residues by enzymes. 
 As the most abundant oxidative agents, oxygen is proposed to be one of the ideal 
candidates to pretreat biomass. However, without a catalyst, the low rate kinetics of 
overall reactions at low temperature in aqueous and the poor selectivity of the as-obtained 
products hinder the practical application of oxygen.
147, 148
FeCl3 has been previously used 
by some researchers for pretreatment of lignocellulosic materials including rice straw, 
bagasse and wood fiber.
297
 FeCl3 is effective in extracting hemicellulose and capable of 
interrupting ether and ester linkages between lignin and carbohydrate to enable biomass 
for enzyme accessible for sugar production with recyclability and less corrosion to 
equipment‘s than acids.
266-268
 Most of the pretreatment process takes place at higher 
temperature, high catalyst concentration and uses grinded fractions of biomass.  However, 





 with oxygen due to the low oxygen solubility in water and overall reaction 
kinetics. Therefore, finding a chemical which can be used as a bridge between oxygen 
and iron salts to improve the re-oxidation rate of Fe
2+
 is highly expected.  
 The main objective of this study was to elucidate the redox system for 
pretreatment of hard and softwoods for improvement of enzymatic hydrolysis. Here we 
mainly focused on low temperature and energy consumption for maximum sugar 
production. The FeCl3/NaNO3/O2 catalytic system was designed to pretreat both 









 in the aqueous phase and the as-
reduced product NO is easily re-oxidized in the gas phase by oxygen. Thus, the barrier 
between different phases is broken and the overall pretreatment rate is significantly 
improved. To the best of our knowledge, this is the first report where wood chips are used 
in the pretreatment process at low temperature with FeCl3/NaNO3/O2 as catalytic system. 
The effectiveness of the reported pretreatment of softwood and hardwood was evaluated 
and compared by soluble sugar production after enzymatic hydrolysis. The outcome of 
the study will provide implication for better design of biorefinery concept and for 
commodity chemicals from lignin at an environmental friendly condition. 
 
7.2 Materials and Methods 
7.2.1 Materials 
HW and SW chips were purchased from Walmart and used without any other treatment 
for pretreatment studies. The sizes of the woods were around 25 × 21 × 3 mm in length, 
width, and thickness, respectively. Ferric chloride and sodium nitrate for pretreatment 
were purchased form Sigma Aldrich, USA. 3,5-Dintrosalicylic acid, Rochelle salt, phenol, 
Sodium metabisulfite and sodium hydroxide used for the sugar analysis were procured 
from Sigma-Aldrich Chemicals, USA. Chemicals used for all the studies were of 
analytical reagent grade. The chemical analysis of the hard and softwood samples was 
done by standard methods and the detailed procedure is given in supporting information. 
The wood extractives were determined by the standard procedure of Tappi T204 cm
-97
 in 
which extractives from dried wood samples were extracted using ethanol/benzene, 
acetone and dichloromethane (5 cycle each) in a soxhlet apparatus. The hollocellulose 
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(cellulose + hemicellulose) content was determined by using the standard sodium chlorite 
method.
298, 299
 The cellulose content was determined by the modified gravimetric method 
using 65% nitric acid and ethyl alcohol as reported in literature.
300-302
 
 The hemicellulose contents were determined by difference of hollocellulose and 
cellulose. The hardwood contains 5.08% extractives, 68.7% hollocellulose, 42.4% 
cellulose and 26.3% hemicellulose. The softwood contains 6.01% extractives, 67.3% 
holocellulose, 40.9 % cellulose, and 26.4% hemicellulose. 
 
7.2.2 Pretreatment of SW and HW 
The pretreatment experiments by using the redox couple were carried out in a laboratory 
scale Parr reactor with a total volume of 50 ml. The biomass solid mixed with 40 ml 
deionized water with 1-4 wt% of FeCl3/NaNO3 at 80-150 
o
C in 10 bar of O2 atmospheres 
with constant stirring (200 rpm) for 30-120 min. The heating rate for all the experiments 
was ~5
o
C/min. The reaction mixtures were initially heated to set the temperature and kept 
stirring until completion of the reaction time. After the reaction, the reactor immediately 
cooled in tap water taking out from the heating jacket and filtered to separate the sold 
biomass. Washed the pretreated biomass with deionized water and used for enzymatic 
hydrolysis. Washed solids were analyzed for different changes after pretreatment by SEM, 
FTIR, XRD, XPS and TG analysis.  The dissolved lignin fragments in pretreatment liquid 
were collected at pH 2-3 followed by water washing and drying for further analysis. The 




7.2.3 Enzymatic Hydrolysis 
After pretreated the hard and softwood samples were hydrolyzed by cellulase with an 
enzyme loading of 0.3g/g substrate in a 100 mL flask. The enzymatic hydrolysis 
reactions were performed in a 0.05 M HAc/NaAc buffer (pH 4.8) at 50 °C on a rotary 
shaker at 150 rpm. The samples for sugar analysis (0.5 mL) were withdrawn at intervals 
of 1, 4, 18 and 24 h and kept in boiling water to inactivate enzymes and filtered through a 
porous membrane of 0.2 µm diameter to remove water insoluble solids. Then the filtered 
samples were analyzed by DNS method for glucose concentration. In a typical analysis, 
0.5 ml of sample is added to 1 ml of buffer solution and 3 ml of DNS reagent. Boil the 
mixture vigorously for 5 min and then cooled in ice cold water. Under these conditions, 3, 
5-dinitrosalicylic acid (DNS) reduces to 3-amino, 5-nitrosalicylic acid. The absorbance 
was measured at 540 nm (Shimadzu) and the reducing sugars concentration was 





7.2.4 Characterization of pretreated wood chips and liquids 
SEM analysis was conducted to analyze the surface morphology of untreated and 
pretreated wood samples. All samples were sputtered by gold for 60 s prior to imaging 
with SEM (LEO 1530 SEM, Carl Zeiss) operating at an accelerating voltage of 10 kV.  
The X-ray diffraction (XRD) patterns of the untreated and pretreated HW and SW 
samples were analyzed by X‘Pert PRO diffractometer. The instrument is equipped with a 
Cu K radiation source(λ=0.154 nm) with a 2θ range of 10–60
o
 and the operation voltage 
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and current was maintained at 40 kV and 40 mA respectively. The crystallinity index 
(C.I) was determined as 
C.I = (I002-Iamorphous) / I002   x 100 % 
where, I002 is the intensity of (002) peak at 2θ =22.5
o
 and Iamorphous is the intensity of the 





TGA, FTIR and XPS of untreated and pretreated wood samples were carried out 
as described in Chapter IV and Chapter VI, respectively. 
The lignin samples recovered from the solution under acidic conditions after 
pretreatment were acetylated to soluble in tetrahydrofuran (THF) for GPC analysis. The 
acetylation of lignin samples was done by using 2 ml of acetic anhydride –pyridine (1/1, 
v/v) at room temperature for 24 hours under vigorous stirring. Ethanol was added to the 
reaction mixture and removed it by vacuum drying. The addition of ethanol and removal 
was continued until complete removal of traces of acetic acid and pyridine from the 
sample. The acetylated lignin samples were dissolved in THF for GPC analysis. The GPC 
analysis was performed in THF with a flow rate of 1 mL/min at 40 
o
C using a diode array 
detector (SPD‐M20A) and RI detector (RID‐10A). The instrument was calibrated 
before analysis with EasiVial polystyrene standards (Agilent). 
 
7.3 Results and Discussion 
7.3.1 Pretreatment of HW and SW chips 
The biological means for ethanol production from biomass involves pretreatment, 
hydrolysis and fermentation. Glucose to ethanol by fermentation is matured optimized 
technology and due to the recalcitrance offered by lignocellulosic biomass hydrolysis is 
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difficult. For this reason, pretreatment is essential to breakdown the linkages among 
components to make it favorable for hydrolysis of polysaccharides. In our system, wood 
chips became almost powder after pretreatment for 2h at 100 
o
C. The control experiment 
shows that there were almost no changes in the wood structure up to 60 
o
C with the same 
catalyst concentration and O2 pressure. Similarly, without catalyst, keeping O2 pressure 
the same and temperature constant at 100 
o
C also leaded to tiny changes in the wood 
structure.  The overall process and the mechanism of pretreatment are as shown in Figure 
7.16 of appendix. 
 
 
Figure 7.1 Schematic of the overall process of wood chip pretreatment and hydrolysis (up) 
and the catalytic process during the pretreatment (bottom) 
 
(1)                                             
(2)          
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(3) 2           
(4) 4              




 Briefly, in the pretreatment process, Fe
3+ 
from FeCl3 oxidizes wood chips at 100 
o
C in presence of O2 while Fe
3+ 
is reduced to Fe
2+
 as shown in equation 1. Electrons are 
transferred to Fe
3+ 
from biomass and protons are released into the solution. The NO3
-
 ion 
from NaNO3 oxidizes Fe
2+
 in presence of proton to Fe
3+ 
with the formation of NO gas as 
shown in equation 2. NO is miscible with O2 in the gas phase. Further NO is oxidized to 
NO2 and then to NO3
-
 in presence of O2 as shown in equation 3 & 4. NO3
-
 ions can 
dissolve back to the aqueous solution quickly to oxidize newly formed Fe
2+
. Therefore, 
the overall reaction of the pretreatment process is the oxidation of wood chips by oxygen. 




redox couple catalyst is that it can increase the re-
oxidation kinetics of Fe
2+
 and thus improve the overall pretreatment rate at lower 
temperature and without any mechanical grinding of wood chips.  
 The wood samples were analyzed for cellulose and hemicellulose before and after 
pretreatment.  The composition of the hard and softwood before and after pretreatment is 
shown in Table 7.1. From the table it can be clearly seen that after the pretreatment the 
cellulose percentage were increased in softwood (40.9 to 64.2 %) and hardwood (42.4 to 
67.8 %) due to the removal of hemicellulose, lignin, and other components which is one 
of the essential criteria for the successful process. The total weight loss after pretreatment 
was about 30.3 % for softwood and 32.1% for hardwood respectively at optimum 
conditions. The hemicellulose removal for hardwood (26.3 to 19.1 %) was more as 
Overall reaction: 𝑊𝑜𝑜𝑑 𝑐 𝑖𝑝𝑠  𝑂  Pretreated wood powders 
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compared to softwood (26.3 to 64.2 %) after pretreatment. The results of total weight loss, 
removal and hemicellulose and cellulose contents are consistent with each other after 





Table 7.1 Compositions of softwood and hardwood before and after pretreatment 
 Before pretreatment After pretreatment 
 Cellulose Hemicellulose Cellulose Hemicellulose 
Softwood 40.9% 26.4% 64.2% 24.3% 
Hardwood 42.4% 26.3% 67.8% 19.1% 
 
The effect of pretreatment on the surface morphology and physical characteristics 
of the wood samples can be seen in the photographs, optical microscopic images (Figure 
7.2 for hardwood and Figure 7.10 of appendix for softwood) and SEM images (Figure 
7.3). The optical microscopic images show that pretreated woods exhibited smaller or 
irregular fragments of fiber (Figure 7.2 (d) and 7.10 (d) of appendix). The colour of the 
samples after the pretreatment was dark brown as clearly seen in the photographs (Figure 
7.2 (c) for hardwood and Figure 7.10 (c) of appendix for softwood) which might be due 
to the formation of chromophores from lignin.  In the SEM images, deposition of nearly 
spherical droplets of re-condensed lignins or pseudolignins is clearly shown. In both 
cases, the destruction of microfibers is seen. In general, high temperature pretreatment 





These depositions are more for hardwood (Figure 7.3 (b)) and negligible in the case of 
softwood (Figure 7.3 (d)) samples pretreated at the 100 
o
C for 2h. In the case of softwood, 
however, the surface remains free of droplet formation even at the most severe 
pretreatment conditions. This may be attributed to the more resistant nature of softwood 
lignin as compared to the lignin of hardwoods due to their different composition. The 
lignins in softwood are mostly of guaiacyl units (phenolic ring with one methoxyl group), 
whereas lignins in hardwood have both guaiacyl and syringyl groups (phenolic ring with 
two methoxyl groups). Therefore, hardwood lignins having aromatic ring with more 
methoxyl are less condensed and able to be controlled by pretreatment for enzymatic 
hydrolysis. However, for both the hard and softwood samples the color after pretreatment 
was brown which may be due to the relocation of lignin particles on the surface of the 







Figure 7.2 Photos of hardwood: (a) untreated hardwood; (b) hardwood treated in pure 
water at 100 
o
C for 2 hours; (c) hardwood treated in FeCl3/NaNO3/O2 at 100 
o
C for 2 
hours; (d) optical microscopic image of pretreated hardwood in FeCl3/NaNO3/O2. The 







Figure 7.3 SEM of hardwood and softwood samples: (a) raw hardwood; (b) pretreated 












7.3.2 Enzymatic hydrolysis of pretreated woods 
The increased enzymatic accessibility to biomass is the goal of pretreatment. 
Pretreatment by FeCl3 degrades hemicellulose in biomass materials, the bonds holding 
the biomass component removed by catalytic attack and carbohydrates can be accessed 
by enzymes in presence of decreased lignin
312, 313
 The FCSNRC pretreated hard and 
softwood samples were hydrolyzed to fermentable sugars by enzymatic hydrolysis. In 
hydrolysis process the polymer chains of cellulose and hemicellulose breaks into its 
monomers. Furthermore, degradation of hemicellulose takes place in hydrolysis to 
glucose, arabinose, mannose and dextrose to increase total sugar yield.
314
 The optimum 
pretreatment conditions for enzymatic hydrolysis in terms of pretreatment temperature, 
time and catalyst loading and substrate concentrations are explained to make the process 
viable. The yield of enzymatic hydrolysis was determined as  
 
Yield (%)= (soluble glucose) / (Cellulose in raw wood) x 100 
 
 The effect of pretreatment temperature on hydrolysis was investigated from 80-
150 
o
C for HW and SW samples at 2 wt% and 3 wt% of FeCl3/NaNO3 respectively for 2h 
at 150 psig O2 pressure. Figure 7.4 shows the dependence of pretreatment temperature of 
HW and SW at the specified conditions. Enzymatic hydrolysis reactions were monitored 
at regular interval of time up to 24h. The conversion profiles with time are of same 
pattern for all the hydrolysis reactions wherein up to 4h time the sugar release from the 
biomass samples under investigation is faster as compared to the later part of hydrolysis. 





decreases afterwards. The yield of sugar was more in case of HW as compared to the SW 
chips. The reason may be due to the degradation of cellulose above 100 
o
C or degradation 
of lignins to monomers which inhibits the hydrolysis. The yields of enzymatic hydrolysis 
of FCSNRC pretreated HW and SW samples were higher than the of pure cellulose 
(23.9%) samples at the same hydrolysis conditions.  
 In order to understand the effect of catalyst concentration in pretreatment the 
concentration range varied from 1-3 wt % based on the amount of SW and HW chips. 
Figure 7.5 (a) demonstrated the influence of FeCl3/ NaNO3 concentration on the yield of 
HW and SW samples. Control experiments of pretreatment without catalyst, with FeCl3 
without NaNO3 and with NaNO3 without FeCl3 shows below 10% yield in hydrolysis. 
When FeCl3/ NaNO3 concentrations were increased from 1 wt % to 3 wt % the hydrolysis 
yield increases from 24.87 % to 70.66 % and 40.0% to 71.53 % for SW and HW 
respectively. For SW the hydrolysis yield was maximum for samples pretreated at 3 wt % 
catalyst concentration while for hardwood it was 2 wt%.  However, once the FeCl3/ 
NaNO3 concentration was raised to 4 wt %, the hydrolysis yield was almost same. 
Pretreatment of biomass using higher FeCl3 concentrations gives higher cellulose 
conversion for eucalyptus mechanical pulp fiber after cellulase hydrolysis suggesting that 
ferric chloride destroys the tight structure by decomposing hemicellulose.
266, 315
 Higher 
concentration of FeCl3 lowers the pH value which negatively affected the gucan recovery 
and finally to the overall sugar and equipments.
313
 
 Figure 7.15 (appendix) and Figure 7.5 (b) depicts the cellulose conversion of SW 
and HW for different pretreatment time under the same enzymatic hydrolysis parameters. 
The experiments were conducted for 30-120 min and it is evident from the figure that 
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increase in time increases the hydrolysis yield up to 120 min and after that no substantial 
increase in hydrolysis yield was observed. This drift suggests the degradation of 
hemicellulose with time as similar to the temperature effects of pretreatment. Moreover, 
longer pretreatment time may degrade cellulose which could decrease the overall 
viability of the process.   
 





























































Figure 7.4 Effect of pretreatment temperature on glucose yield: (a) softwood; (b) 
hardwood. Pretreatment was carried out at 80-150 
o
C and150 psig O2 pressure with 3 wt% 
(softwood) and 2 wt% (hardwood) of FeCl3/NaNO3 for 2h. Enzymatic hydrolysis was 
carried out with cellulase loading of 0.3g/g substrate in 0.05 M HAc/NaAc buffer (pH 4.8) 
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Figure 7.5 Effect of catalyst amount (a) and pretreatment time (b) on glucose yield 
(hardwood). Pretreatment was carried out at 100 
o
C and150 psig O2 pressure with 
FeCl3/NaNO3 (1-3 wt%, Fig (a)) and (2 wt%, Fig. (b)) for time (120 min for (a) and 60-
120 min, Fig. (b)). Enzymatic hydrolysis was carried out with cellulase loading of 0.3g/g 
substrate in 0.05 M HAc/NaAc buffer (pH 4.8) at 50 °C. 
 
In summary, a novel and energy-saving pretreatment process was designed 
successfully, where un-grinded hardwood and softwood chips were pretreated directly by 
FeCl3/NaNO3/O2 at low temperature. NaNO3 serves, herein, as a bridge between gaseous 
phase and liquid phase, which increases the overall reaction kinetics under mild 
conditions. This technology is promising to break the wood chip complex to make the 
carbohydrates more accessible to the enzymes, which is further demonstrated by the high 
glucose yield after the following enzymatic hydrolysis process. 
 
7.2.3 Investigation on properties of untreated and pretreated woods  
The high glucose yield obtained in the hydrolysis is mainly resulted from the effective 
pretreatment by FeCl3/NaNO3/O2 as described. To further understand the effects of the 
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pretreatment, the properties of untreated and pretreated woods were investigated by 
different characterization techniques.  
The effective pretreatment may change the crystalline nature of biomass along 
with the chemical composition. To understand the relative cellulose crystallinity XRD 
analysis is useful and in general lower value in pretreated samples gives higher enzymatic 
digestibility.
316
 In lignocellulosic biomass, cellulose only contributes to the overall 
crystallinity of the materials. The cellulose structure includes the highly ordered regions 
as long range crystallinity along with the short range regions of amorphous and short 
range less ordered regions. The long range crystallinity contributes more to the 
recalcitrance of lignocellulosic materials than the sort range crystallinity, thereby short 
range crystalline regions can be easily disrupted or even removed.  
 Highly rigorous pretreatment methods remove both the sort and long range 
crystallinity from the biomass to break the strong inter and intramolecular bonds. The 
relative crystallinity of biomass can be evaluated with crystallinity index which is a 
measure of severity of pretreatment.
317
 The crystallinity index is the height ratio between 
a major crystalline peak (I002-Iamorphous) and 002 plane of peak. The calculation of C.I 
gives the indication of severity of pretreatment, if the pretreatment removes the 
crystallinity of short range crystallinity regions the intensity of the peaks will increase 
whereas the decrease in peak intensity signifies the removal of highly ordered long range 
crystalline regions.
306, 317
 The XRD patterns of soft and hardwood samples before and 
after the pretreatment are not much different since the cellulose content in pretreated 
samples were nearly same, thereby giving the similar cellulose for XRD analysis. The 
XRD patterns of untreated and pretreated hard and softwood samples are shown in Figure 
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7.6. The peaks at specific 2θ angles of 22.6°, 21.7°, 18.9° and 16.3° corresponds to the 
lattice planes of 002, 101 and 101 for cellulose I and cellulose II respectively. After 
pretreatment of both soft and hardwood samples at 100 
o
C the peaks at 2θ angles 18.9° 
and 16.3° appear which may be attributed to the change in crystalline states from 
Cellulose II to cellulose I. In general deformation of crystalline cellulose I structure in 
pretreated materials subject to a higher enzymatic hydrolysis yield than untreated 
substrates. The increase in peak intensity is due to the removal of amorphous 
hemicellulose after pretreatment. The XRD analysis of untreated and pretreated 
hardwood and softwoods samples, as shown in Figure 7.6, represents the difference in 
cellulose crystallinity. The increase in the sharpness and intensity of peaks due to the 
cellulose indicates the effectiveness of pretreatment process at different conditions as 
specified. The crystallinity index (CrI) of soft and hardwood before and after 
pretreatment was increased from 55.42 to 63.32 % and 53.65 to 79.33 % respectively. 
The increase in CrI after pretreatment for hardwood was more prominent than softwood 
as expected. The lower value of CrI for softwood after pretreatment than hardwood 
indicates that the easy accessibility of enzymes to hardwood cellulose for hydrolysis than 






















Figure 7.6 XRD pattern of hardwood (a) and softwood (b) samples before and after 
pretreatment. Pretreatment was carried out at 100 
o
C and150 psig O2 pressure with 
FeCl3/NaNO3 (2 wt%, Fig (a)) and (3 wt%, Fig. (b)) for 120 min. 
 
To evaluate the changes in thermal properties of SW and HW samples before and 
after FCSNRC pretreatment weight loss (thermogravimetry, TG) and weight loss rate 
(differential thermogravimetry, DTG) curves were drawn as shown in Figure 7.7. It is 
presumed that there is no interaction between the extractives, hemicellulose, cellulose, 
and lignin. The contributions of different components can be exemplified by DTG profile 
with separate peaks. In all SW and HW samples, a small weight loss (about 3 wt%) in the 
range of 30 °C to 130 °C was observed due to evaporation of water in the biomass or due 
to low molecular weight compounds left over in the samples. From the figure of TGA, 
the signals centered at 286−216 and 298−355 °C were assigned to the mass loss rates of 
extractives and hemicellulose. The signals centered at 334−384 and 360−389 °C were 
mainly associated to the mass loss rates of cellulose and lignin, respectively.
318, 319
 As 
shown in Figure 7.7, the weight loss fractions of raw and pretreated SW and HW samples 
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were significantly influenced by FCSNRC pretreatment. The prominent differences in 
their weight loss fractions for both HW and SW samples were primarily due to their 
different chemical compositions. During FCSNRC pretreatment, the weight loss fractions 
for hemicellulose and lignin dropped significantly indicating the removal of it from the 
samples after pretreatment. However, the weight loss fraction for cellulose is very limited 
for both HW and SW samples. The change in weight loss fractions was more for SW than 
HW samples.  
 





































































































Figure 7.7 TGA/DTA of hardwood (a) and softwood (b) samples before and after 
pretreatment. Pretreatment was carried out at 100 
o
C and150 psig O2 pressure with 
FeCl3/NaNO3 (2 wt%, Fig (a)) and (3 wt%, Fig. (b)) for 120 min. 
 
 The probable changes in molecular structure of major hard and softwood 
compounds were assessed by the total Fourier transform infrared reflectance (FTIR). The 
FTIR spectra of untreated and pretreated hard and softwood samples are shown in Figure 
7.8(a) & (b). The spectral differences between soft and hardwoods are due to the 
hemicellulose and lignin. No spectral differences connected to cellulose compounds.  In 
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softwood lignin guaiacyl units predominates over small amount of p-hydroxyphenyl and 
syringyl units while in hardwood lignin syringyl and guaiacyl units predominates over p-
hydroxyl units.
320
 The bands correspond to syringil units at 1595, 1326, 1230 and 1422 
cm
-1
 can be seen in hardwood while in softwoods these peaks are not prominent. For both 
hard and softwood samples before and after the pretreatment the wavenumber at 1735 
cm
-1
 corresponding to C=Ostr vibrations of lignin is vanished after the pretreatment. 
Similarly, peaks at 1235 cm
-1
 corresponds to syringlyl nuclei of plane at 2, 5, 6 position 





 corresponds to the C-O deformation in aliphatic alcohol and ether and CH2 
wagging vibration respectively increases due to the ether bond breaking between and 
lignin and cellulose. The band at 897cm
-1
 assigned to C-O-Cstr of amorphous cellulose 
due to β-(1-4) glycosidic linkage shifted after pretreatment which may be due to the 
transformation of Cellulose I to Cellulose II. The decrease in intensity at 1235 cm
-1
 (C-
Ostr of lignin and hemicellulose), 1375 cm
-1
(deformation in cellulose, hemicellulose and 
lignin) 1735 cm
-1
 (carbonyl C-Ostr) after pretreatment may be due to the cleavage of ester 
linkages in lignin and hemicellulose and cleavage of lignin side chain due to removal of 
lignin.  A new peak at 1057 cm
-1
 after the pretreatment due to C-O-Hstr of primary and 
secondary alcohols suggests the removal of hemicellulose from the hardwood.
313
 The 
other characteristic peak positions for both hard and softwood samples before and after 
are almost same but some decrease in peak intensities.  
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Figure 7.8 FTIR spectra of hardwood (a) and softwood (b) samples before and after 
pretreatment. Pretreatment was carried out at 100 
o
C and150 psig O2 pressure with 
FeCl3/NaNO3 (2 wt%, Fig (a)) and (3 wt%, Fig. (b)) for 120 min. 
  
 The chemistry on the surface of the biomass before and after FCSNRC 
pretreatment was examined by XPS as shown in Figure 7.9. The obtained XPS data 
consisted of the elemental surface composition and O/C ratios. From the spectra, only 
elements detected were O and C, there were no residual Fe present on the surface of 
biomass after the pretreatment for both the soft and hardwood samples. In the cellulose 
hydrolysis, Fe
3+
 can form complexes with lignin which inhibit the process by 
deactivating the enzyme active sites.
321
 For both soft and hardwoods the C 1s and O 1s 
spectrum peaks were observed at 284 eV and 531 eV respectively. The O/C ratios of the 
hard and softwood increase from 0.38 to 0.49 and 0.35 to 0.49 respectively. This change 
of O/C ratios may be attributed to the introduction of more oxygen in the oxidation 




































































Figure 7.9 XPS spectra of hardwood and softwood samples: (a) XPS survey of hardwood 
before and after pretreatment; (b) XPS survey of softwood before and after pretreatment; 
(c) C 1s scan of raw hardwood; (d) O 1s scan of raw hardwood; (e) C1 scan of pretreated 
hardwood; (d) O 1s scan of pretreated hardwood. 
 
 The Gaussian peaks obtained through deconvolution of the C 1s and O 1s peaks 
are shown in Figure 7.9 for hardwood and Figure 7.13 (appendix) for softwood before 
and after pretreatment. The chemical shifts for C ls in both hard and softwood 
deconvoluted into four categories C 1 (C–C/C–H), C2 (C–O), C3 (C=O) and C4 (O–
C=O). The C1(C–C or C–H) arises mainly due to lignin and extractives while C 2 (C–O) 
and C 3(C=O) are the predominant linkage in cellulose and holocellulose was rich in C 2 
and O 2.
322-324
  The binding energy for C1s peak centers around 284 eV and gradually 
decreases from C4 to C1. The O1s peaks for hard and softwoods also deconvoluted into 
three categories as O 1(C=O), O2 (C–O) and O3 (O=C-OR).  The O1 is mainly due to 
oxygen in lignin, while O2 arises primarily from oxygen in carbohydrates. Also, both O1 
and O2 were present in the pseudo lignin. Table S1 shows the chemical compositions at 
the surface of the soft and hardwoods before and after pretreatment. After pretreatment, a 
general decreasing of C1 and an increasing of C2 to C4 were observed. The O/C ratio and 
C 1 has been shown to be proportional to each other. A high O/C ratio reflects higher 
cellulose content, while a lower value suggests the presence of more lignin.
325
 Both soft 
and hardwood the decrease in C 1 and increase in O/C after pretreatment clearly indicated 
the removal of lignin after pretreatment. The decrease in O 2 in both hard and softwoods 
indicates the removal of hemicellulose after pretreatment which are inconformity with the 
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IR results discussed in the appropriate section. The increase in C=O bonds and decrease 
in C-O bonds after pretreatment partially ascribed to -OH oxidation and cleavage of the 
β-O-4 linkages in lignin structure.
62
 The C-O and C=O bonds increased and C=C bond 
(or C-C) decreased after the pretreatment may also be assumed due to the oxidation of C-
C (or C=C) bonds on the surface to C-O and C=O bonds by FeCl3/NaNO3.  
 During the pretreatment lignin was removed from the wood samples. The 
monomers formed during the pretreatment can be seen from the HPLC chromatogram for 
hard and softwood samples as shown in Figure 7.12of appendix. For both hard and 
softwoods at 100 
o
C the formation of phenolic monomers is prominent but as the 
temperature increased to 150 
o
C the intensity of the peaks decreases which may be due to 
further degradation of phenolics to CO2 gases.   
 The lignin removed after pretreatment was also analyzed for molecular weight by 
using a derivatization method to form acetylated lignin after recovered by precipitation 
from the pretreated liquor as described in the materials section. The molecular weight of 
lignin present in hard and softwoods influence the recalcitrance and the valorization of 
lignin for biorefinery concept. The molecular weight of lignin after pretreatment depends 
on the source and isolation and purification procedures employed. Pretreatment alters the 








Table 7.2 Molecular weights of hard and softwood recovered lignins after pretreatment 
 Peak 1 Peak 2 
 Mn (Da) 
Mw 
(Da) 
PDI Mn (Da) Mw (Da) PDI 
Softwood 644 688 1.04 185 197 1.06 
Hardwood 925 945 1.03 228 250 1.10 
Spruce alkali lignin
328
 3301 12007 3.64 - - - 
Birch alkali lignin
328
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The GPC chromatogram for recovered hard and softwood lignins after pretreatment are 
shown in Figure 7.10 in appendix. The number average molecular weight (Mn), weight 
average molecular weight (Mw), and polydispersity index (D) of two peaks for pretreated 
hard and softwood recovered lignin samples along with comparisons of lignin from 
different sources are shown in Table 2.  The molecular weights of softwood lignin 
(Mn=644 Da, 185 Da, Mw=688 Da, 197 Da) were low as compared to the hardwood 
(Mn=925 Da, 228 Da, Mw=945 Da, 250 Da). From the table we can see that for both hard 
and softwood lignin samples have relatively small molecular weight lignin with limited 
polydispersity. The low polydispersity index indicates relatively narrow molecular weight 
distributions.
331
 The low molecular weight compounds in the pretreated liquor clearly 
show the effectiveness of the pretreatment process which depolymerizes high molecular 
weight lignins into monomeric, dimeric and or oligomeric lignin species. During the 
pretreatment, the solvent could contact into the plant cell wall and break the linkages 
between them. This caused lignin to separate from cellulose and hemicelluloses. 
Moreover, due to the partial cleavage of β-O-4 linkages of lignin contributed to the 
production of low molecular weight lignin fractions
332
  The association of carbohydrate 
with lignin contributes to a high molar mass of the extracted lignins whereas low 
molecular weight indicates small molecules of lignin
333
 
 The properties analysis of untreated and pretreated woods demonstrated the 
catalytic effectiveness of the proposed FeCl3/NaNO3/O2 system on wood chips 






A novel low temperature pretreatment method for hard and softwoods by FeCl3/NaNO3 
in presence of O2 was presented. The structural changes and functional groups during 
pretreatment for hard and softwoods were well characterized by FTIR, XRD, SEM, and 
XPS. The FeCl3/NaNO3 catalyst system showed the ability to pretreat hardwoods and 
softwoods chips directly and effectively at low temperature by reducing the cellulose 
degree of polymerization, removing lignin and reducing recalcitrance offered by biomass 
which resulted in cellulose that easily assimilated by enzymes. Though it is very difficult 
to estimate all the factors responsible for better sugar recovery due to the modification of 
complex biomass structures after pretreatment by reported ion pairs it provides the 
working mechanism and understanding the structural changes of hard and softwoods 
during the process at a glance.  
 
7.5Appendix 




Figure 7.10 Photos of softwood: (a) untreated softwood; (b) softwood treated in water at 
100 
o
C for 2 hours; (c) pretreated softwood in FeCl3/NaNO3/O2 at 100 
o
C for 2 hours; (d) 
optical microscopic image of pretreated softwood in FeCl3/NaNO3/O2. The scale bar of 
microscopic view is 0.1 mm. 
 
Components analysis of the pretreatment solutions of softwood and hardwood by 
HPLC 
Analytical HPLC was performed with a Zorbax 300SB-C18 column, 150 mm x 4.6 mm, 
5 μm; flow = 0.4 mL/min; eluents H2O (A) (0.1% TFA), MeCN (B) (0.1% TFA). A 
gradient method was used in which the percentage of B was allowed to increase from 0 % 
to 10 % in 1 minute, from 10 % to 20 % over 20 minutes, then 20 % to 100 % over next 





between sample injections. Peaks in the range of 15-27.4 min represent the mono-





























Figure7.11 HPLC of the pretreatment solutions of softwood (a) and hardwood (b) under 
100 
o




Molecular weights of hard and soft wood recovered lignins after pretreatment 














Figure 7.12 GPC chromatogram of lignin segments from softwood (a) and hardwood (b) 
pretreatment process 
 
XPS for softwood 



































Figure 7.13 XPS spectra of softwood samples before and after pretreatment: (a) C 1s scan 
for raw softwood; (b) O 1s scan for raw softwood; (c) C 1s scan for pretreated softwood; 




Table 7.3 Comparison of chemical compositions at the surface of the soft and hardwoods 





















Softwood 46 35 16 3 12 88 -- 0.35 
Pretreated 
softwood 
28 38 26 8 13 46 41 0.49 
Hardwood 40 45 12 3 9 91 -- 0.38 
Pretreated 
hardwood 
27 43 24 6 3 73 24 0.49 
 
Calibration curve of glucose concentration 
The calibration curve was made based on the NREL standard method.
334
 Precisely, from 
a stock solution of anhydrous glucose (10mg/ml) four different solutions concentration 
ranging from 0.3 mg/ml to 6.7 mg/ml were made by diluting with citrate buffer of pH 4.8. 
Incubate all the solutions at 50 
o
C with blank for 60 min and added 3 ml of DNS solution 
to each. Boil the solutions vigorously in water bath for 5 mins and cooled to room 










































Figure 7.14 Calibration curve of glucose concentration 
 
Effect of catalyst amount and pretreatment time on glucose yield (softwood) 






 1 wt %
 2 wt %










































Figure 7.15 Effect of catalyst amount (a) and pretreatment time (b) on glucose yield 
(softwood) 
 
Experimental diagram for pretreatment and hydrolysis of wood chips 
 




CHAPTER VIII  
OVERALL CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
With the increasing attention toward ―green‖, the utilization of renewable compounds has 
attracted strong interest to promote sustainability for the existing current industry and to 
save the limited reserves of fossil fuel resources. Burning lignin directly for heating 
without further utilization is a great waste of natural sources due to its huge annual 
production and extensive potential applications. In this dissertation, the lignin 
valorization through modification and degradation into composites and chemicals is 
explored. We modified lignin to overcome the challenge of structure uncertainty to 
prepare lignin-based surfactant and more sustainable composites. Besides, we designed a 
new catalytic system to degrade lignin in order to obtain aromatic compounds. Briefly, 
some conclusions could be summarized as below: 
 In the first part of this research, a bio-based surfactant was prepared by chemical 
modification of kraft lignin. Grafting of BA, MPS and BIBB onto kraft lignin were 
conducted to change its amphiphilicity. The lignin modified with MPS and BIBB was 
only partially dissolved in organic monomers due to the low grafting ratio. In contrast, 
over 95% of the hydroxyl group conversion was achieved when BA was used. The BA 
modified lignin (lignin-B) was found to be completely soluble in the monomers. The 
interfacial tension measurement indicated the capability of lignin-B to decrease the 
interface energy between water and styrene dramatically. As the result, a stable water-in-
oil emulsion was achieved using lignin-B as the emulsifier and was kept stable over 30 
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days. These results suggest that lignin has a promising potential to be used as a bio-based 
surfactant. 
 The concept of ―green‖ composites has drawn great attentions due to the global 
environmental issues and the attempt to reduce dependency on fossil fuels resources. In 
the second part of this research, the composites of lignin and polymer are prepared 
successfully through bulk polymerization and high internal phase emulsions (HIPEs) 
polymerization, where lignin serves both as one composite component to substitute 
traditional polymers and also as fillers to enhance the mechanical properties. The kraft 
lignin is modified first to increase the compatibility with both monomer and polymer, 
which is further studied and verified through Hassan Solubility Parameter model. 
Furthermore, the thermal, mechanical and structural properties of the lignin/polymer 
composites are studied in detail. The addition of lignin in the composites will increase its 
modulus and won‘t affect its glass transition temperature much. The lignin content in the 
foams can reach 10 wt % of the total substrate to maintain good porous structure and 
mechanical properties. 
 Lignin is the only natural aromatic macromolecular feedstock of large production 
and therefore, is supposed to be good sources of sustainable aromatic chemicals. 
However, most of the degradation processes suffer from low reactions kinetics and harsh 
conditions. In this part, a low temperature oxidative degradation of lignin to form vanillic 
compounds by using FeCl3/NaNO3/O2 as catalyst under mild conditions was offered. The 
addition of NaNO3 serves as a bridge between oxygen (gaseous phase) and iron salts 
(liquid phase) to improve the re-oxidation rate of Fe
2+
 and thus promote the overall 
degradation rate. Besides, we found this catalyst system was also effective in the biomass 
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pretreatment. Pretreatment of lignocellulosic biomass especially for softwoods and 
hardwoods play the vital role to remove the recalcitrance offered by lignin and 
hemicellulose for conversion of cellulose to soluble sugar. The pretreatment experiments 
were systematically conducted to identify optimum conditions for effective enzymatic 
hydrolysis of soft and hard wood chips. A conversion of 71.53% and 70.66% of cellulose 
was obtained for hard and softwood samples; pretreated by using 2wt% and 3 wt% of the 
catalyst respectively. The results of our study make the conclusion that FeCl3/NaNO3 can 
be used for pretreatment in the production of soluble sugar for successive production of 
ethanol. 
 
8.2 Recommendations for future work 
In the research of lignin-based surfactant, reaction conditions can be optimized via 
experimental parameters, like water content, PH value and temperature to increase the 
grafting extents of MPS and BIBB onto lignin. Besides, future attentions could focus on 
developing new modification approaches by grafting different chemicals. To the best of 
our knowledge, most of the lignin-based surfactants are water soluble and very few 
researches focused on dissolving lignin in organic phase. Therefore, exploring new 
chemicals to modify lignin should be a promising direction. 
 In the part of lignin-polymer composites, it is meaningful to study the styrene 
polymerization kinetics when lignin is added into the system. Lignin contains various 
kinds of functional groups, including aromatic –OH groups, which may serve as the 
inhibitor of free radicals. While most of the phenolic –OH groups are converted into ester 
groups during the modification process, there are still some parts left. Thus it is necessary 
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to investigate the effect of lignin on polymerization kinetics. Besides, the lignin content 
in the porous foam was 10 wt %, which might be improved by finding new modification 
approach to further enhance the compatibility between lignin and polymers. 
 In the part of lignin degradation, FeCl3/NaNO3/O2was demonstrated to be 
effective to degrade lignin into aromatics under mild conditions; however, the mechanism 
and catalyst recyclability should be further studied in detail. The compounds in the 
solutions after degradation are supposed to be investigated and analyzed through NMR 
and GC-MS. 
 Besides, as mentioned in Chapter 2, the most desired products from lignin 
degradation are supposed to be benzene, toluene and xylene, which are the building 
blocks of other aromatic compounds. However, most chemicals from lignin oxidation 
process possess some extent of oxygenation. Therefore, it is meaningful to seek the 
catalyst system that can degrade lignin effectively by reduction. Anthroquinone (AQ) has 
been demonstrated to be effective to promote the delignification in the traditional pulp 
and paper industry. Thus lignin degradation into aromatics by reduction reaction with 
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